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Summary 
Operators of mobile jack-up rigs often face difficulties when extracting spudcan 
foundations of the jack-up rigs with deep leg penetration particularly in soft clay. 
Besides posing a vulnerability to the jack-up structure, this problem also causes 
significant economic consequences to the offshore industry. The current guidelines for 
jack-up rigs operation procedure has yet to address this issue.  
In the present study, centrifuge modeling technique was adopted to simulate a 
simplified operation of an individual spudcan in normally consolidated soft clay. With 
an intensively instrumented model spudcan, the experimental study was performed to 
quantify the uplift resistance of spudcan and its contributing factors, with special 
attention paid to the development of suction pressure at the spudcan base. In addition, 
soil movement patterns surrounding the spudcan throughout the simulation were also 
revealed from a series of half-spudcan tests. This involved the use of particle image 
velocimetry coupled with close range photogrammetry technique to accurately 
quantify the soil displacements.  
The experimental results showed that the top soil resistance and base suction constitute 
the net uplift resistance of spudcan. These two components were substantially 
influenced by the waiting (operation) period of a jack-up rig. From the observed soil 
movement patterns, it was revealed that some similarities exist between extraction of 
spudcan and uplift of anchor. It was also established that the individual components 
could be reasonably predicted using existing anchor theories provided that an accurate 
estimate of undrained shear strength above and below the spudcan prior to extraction 
are available.  
Based on the findings that highlight the importance of base suction, an improved 
method for easing spudcan extraction in clay was proposed and evaluated. Under 
laboratory conditions, the proposed method was proven capable of eliminating the 
spudcan base suction and thus substantially reducing the spudcan breakout force.  
Key words: jack-up rig, spudcan, extraction, clay, breakout, suction. 
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1.1 Spudcan: Foundation of Mobile Jack-up Rigs 
Over many decades, drilling platforms have been undergoing an evolution to enable oil 
and gas drilling activities in deeper waters and harsh environments. With respect to 
water depth, offshore drilling platforms are categorized into several types from 
shallow-water platform rigs to deep-water semi submersibles, see Figure 1.1. Among 
all types of rig, mobile jack-up rig is the one which is utilized the most particularly in 
Southeast Asia.   
 Jack-up rigs have been extensively used for maintenance, construction, short-term 
drilling operation and production of oil and gas fields in shallow waters up to 120 m 
deep. As illustrated in Figures 1.2 and 1.3, a modern jack-up rig typically consists of a 
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buoyant triangular platform supported by three or four independent truss-work or 
cylindrical leg system with individual footings called “spudcan” (Poulos, 1988). This 
type of footing is generally circular or polygonal in plan with shallow conical 
underside and sharp or truncated central tip to facilitate the initial seabed positioning or 
to improve sliding resistance, as depicted in Figure 1.4. Depending on the overall 
capacity and main purpose of a jack-up rig, the spudcan diameter varies and can reach 
up to 20 m. As a jack-up rig is mobile in nature, its spudcan foundation is typically not 
designed for a site-specific soil condition. Consequently, it is vulnerable to foundation 
problems or even failures during its operations.  
1.2 Jack-up Rig Installation Procedures 
Figure 1.5 illustrates the general operational modes of mobile jack-up rigs. A mobile 
jack-up rig is essentially a floating drilling platform which can be transformed from a 
floating structure into a “fixed” one and vice versa. Majority of jack-up rigs in use 
today are equipped with a rack and pinion system for each leg thus allowing 
continuous jacking of the hull. In contrast to the old pin and hole system, this latest 
system enables hull positioning at any leg position (Bennet & KeppelFELS, 2005).  
An idealized description of spudcan installation process is illustrated in Figure 1.6. A 
jack-up rig is towed to a particular site by floating on its hull with its legs elevated. 
Upon arriving at the site, the legs are lowered down until the individual spudcans 
touch the seabed and pin their position. This positioning stage is performed while the 
jack-up unit is floating. On this stationary position, the legs are further jacked down 
until the resulting soil bearing resistance nearly equals the submerged weight of the 
jack-up unit and its legs (Point A’). Upon further jacking, the hull is raised out of water 
and cause deeper legs penetration as the buoyant force supporting the hull decreases. 
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Typically, at this stage the hull is elevated to provide a 1.5-m air gap and the 
associated spudcan penetration corresponds to Point A in Figure 1.6.  
Before commencing its operation, the jack-up rig needs to be preloaded to ensure that 
the foundation soil is capable of withstanding the maximum anticipated combination 
of internal and external loading without causing further leg penetration or soil bearing 
capacity failure. In other words, the preloading is aimed to proof-test the foundation so 
that the resulting bearing capacity exceeds an anticipated extreme-storm loading with 
an acceptable margin of safety. Typically, a preload as high as the vertical reaction of 
the leeward leg due to 50-year independent extremes of wind load, wave load, current 
load and water levels is applied.  
After raising the hull by about 1.5 m out of water to provide an air gap between the 
hull base and the anticipated wave crest, preloading operation of the rig may proceed. 
Preloading is carried out by pumping seawater into the hull as water ballast to increase 
its self weight. Generally, the applied preload level is around twice the self weight of 
the jack-up or “operational light ship weight”. The full preload is held for a minimum 
duration of 2~4 hours after the spudcan foundation penetration has ceased (Young et 
al., 1984). In normal conditions, this process typically takes around 24~36 hours with 
much longer period for certain site conditions. It was reported that in soft seabed 
conditions, the spudcan can penetrate up to 2~3 times spudcan diameter during 
preloading (Endley et al., 1981; Craig & Chua, 1990a). This corresponds to Point B in 
Figure 1.6. After a stable condition is achieved, the preload water is dumped and the 
hull is further elevated to an air gap of typically 12~15 m during the rig operation. 
The operational duration of a mobile jack-up rig in the field can be from weeks to as 
long as 5 years in some specific cases. During this period, a jack-up is subjected to the 
Chapter 1  Introduction 
  4 
combined loads due to gravity loads, i.e. ship weight and operational loads, and 
environmental loads consisting mostly of lateral loads, i.e. waves, winds, and currents 
forces. In a design storm, wave and wind-induced overturning moments may increase 
the vertical load by as much as 35%~50% of the gravity load whereas horizontal load 
may range from one-tenth to one-third of the vertical load (McClelland et al., 1981). 
Young et al. (1984) reported that the maximum spudcan loads are typically 18~49 MN 
and this corresponds to maximum bearing pressures of about 192~335 kPa for spudcan 
diameter of 10~15 m. In 1983, The Marathon Gorilla rig with 20.1 m diameter 
spudcans was designed with a maximum leg load of 102 MN or equivalent to a bearing 
pressure of 335 kPa. For rigs employed in sand seabed, higher bearing pressures are 
quite common in order to deepen the penetration to anticipate the potential of scouring. 
McClelland et al. (1981) pointed out that there are six types of potential failures of 
spudcan-type foundations associated with soil-foundation interaction problems; 
namely: (1) inadequate leg length during maximum preload, (2) punch-through during 
installation, (3) excessive storm penetration, (4) footing instability due to scouring, (5) 
seafloor instability, and (6) inability to extract the spudcans. The latter implies that the 
removal of jack-up rig is considered as one of the critical phases in the jack-up rig 
operations as failures in extracting the legs may cause undesirable consequences to the 
jack-up rig structure. Nevertheless, the existing codes or standards for jack-up rigs 
design and operation, e.g. SNAME (2002) or ISO (2003), have yet to address this 
issue. Hereafter, why the extraction problem arises and to what extent the 
understanding on this particular subject have been achieved are described. 
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1.3 Spudcan Extraction Problems 
After an operation at a site, a jack-up rig may need to be relocated elsewhere. In this 
process of moving off-location, the jack-up rig is transformed back from the elevated 
mode to the floated one by firstly extracting the legs. The legs are extracted by jacking 
down the hull into the water to generate buoyancy force typically at a rate of 0.45 
m/min. To help ease the extraction process, the spudcan is traditionally equipped with 
water jetting system at the top and bottom sides. This water jetting essentially transfers 
pressurized water through an array of nozzles to break any resistance over the spudcan 
surface which is commonly perceived as soil adhesion of the spudcan bottom. 
In soft clays conditions and the associated deep leg-penetrations, the spudcan is 
generally stuck on an attempted extraction due to a large uplift resistance required. The 
use of water jetting is often found ineffective to reduce the soil resistance. When this 
problem occurs, the full uplift capacity of the jack-up is normally utilized to hold the 
legs in tension until the uplift resistance reduces. To speed up this process, the jack-up 
rig operators also often attempt to move the legs up and down to disturb the 
surrounding soil while applying water jetting. However, all these measures are still 
unable to ease the spudcan extraction.  
McClelland et al. (1981) reported that when accompanied with jetting, the removal 
process may still take three to four days. Recently, it was reported that the extraction of 
a jack-up rig in the west coast of India even took 10 weeks with several measures 
taken in the field (Osborne, pers. comm). This idle period causes a significant 
economic loss to the offshore industries considering the high day-rate of jack-up rig 
which can be up to US$200,000. More critically, the situation where the jack-up rig is 
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neither “fixed” nor floating during this transitional stage makes the structure 
vulnerable to environmental loads. 
Despite the considerable implications of spudcan extraction problems, very few studies 
have been carried out to investigate the problem comprehensively. The current 
understanding tends to associate the spudcan extraction with seemingly analogous 
problems, i.e. uplift capacity of horizontal plate anchors. However, existing studies 
have not provided a fundamental understanding on the mechanics of spudcan 
extraction. In addition, the adoption of anchor theories for this particular problem is 
not yet justifiable considering the different natures between the two. 
In a general sense, the phenomenon of uplift resistance of an embedded object in 
submerged soil is often referred to as a “breakout” phenomenon. The spudcan 
extraction itself is essentially a breakout process under undrained conditions. In this 
case, the term undrained is used since the time required to extract the spudcans is much 
shorter than that for the extraction-induced excess pore pressures to dissipate. 
However, the current understanding of breakout phenomenon itself is inadequate to 
facilitate solutions to the spudcan extraction problems. In practice, the spudcan 
extraction operations are often performed on an intuitive basis which may expose 
considerable risks to the safety of jack-up rigs.   
In view of the above-mentioned issues, further research on breakout phenomenon 
associated with spudcan extractions is imperative particularly in the following aspects: 
a. Prediction of breakout force of embedded spudcans  
b. Components of breakout force and its contributing factors 
c. Mechanics of breakout failure 
d. Evaluation on the performance of  water jetting system or alternative solutions 
Chapter 1  Introduction 
  7 
1.4 Objectives and Scope of Research 
The purpose of this study was to enhance the understanding of breakout phenomenon 
associated with spudcan extractions in soft clay as follows: 
a. To assess the components of breakout force and its contributing factors for 
spudcan extractions in normally consolidated clay. 
b. To investigate the breakout failure mechanism of spudcan extraction in soft 
clay. 
c. To provide an estimate of breakout force of spudcan in soft clay. 
d. To propose an effective method of spudcan extractions and evaluate its 
performance under laboratory conditions. 
In view of the complexity of simulating the spudcan extraction problem numerically 
associated with large soil deformation, centrifuge model technique has been adopted in 
this study. This modeling technique allows a proper simulation of the entire process of 
spudcan operations using small scale models in laboratory with significant reduction in 
soil consolidation duration.  
In the present study, a single spudcan was tested on a specimen of normally 
consolidated soft clay constituted from Malaysian kaolin clay. The use of kaolin clay 
allows relatively rapid consolidation of large specimen from a slurry state. The 
simulation mainly consisted of spudcan installation, operation, and extraction. The 
spudcan was installed in-flight to a depth of about 1.5 times spudcan diameter under 
undrained condition. At this stage, the loadings incurred by the spudcan during 
operation were simplified as a constant vertical loading maintained for a period of time 
termed as “waiting period”. Besides measuring the spudcan breakout force, special 
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attention was given to stress development above and beneath the spudcan and the 
surrounding soil. The associated breakout failure mechanism was revealed by 
conducting half-spudcan tests with digital image capturing. The images were analyzed 
using the Particle Image Velocimetry technique (White & Take, 2002) with 
photogrammetry correction to obtain accurate soil deformation patterns. Finally, based 
on the understanding established in this study, a more effective spudcan extraction 
method was proposed and evaluated. 
1.5 Outline of Thesis 
The contents of subsequent chapters in this thesis are briefly described as follows. 
Chapter 2 reviews previous studies on spudcan extraction, breakout phenomenon in 
clay, and deformation measurement technique performed by other researchers. The 
limitations of the existing studies would be highlighted. Chapter 3 describes details of 
the experimental setup and procedures. Chapter 4 covers the centrifuge test results on 
spudcan extraction and the evaluation of the components of breakout force. Chapter 5 
presents and discusses the experimental findings on the breakout failure mechanism of 
spudcan in soft clay. Chapter 6 proposes a new method for easing spudcan extraction 
in soft clay. Chapter 7 provides further interpretations of the findings including the 
estimation of uplift resistance. Chapter 8 summarizes the main findings established in 
the present study and its implications. In addition, recommendations for further studies 
are also made. 
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Figure 1. 2  ENSCO-104 mobile jack-up rig in operation                                                        
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  (courtesy of Keppel Offshore & Marine Ltd.)                                 (after Reardon, 1986) 




Figure 1. 4  Examples of typical spudcan footings (after McClelland et al., 1981) 
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Figure 1. 5  General operation mode of mobile jack-up rig 
 
 
Figure 1. 6  Idealized installation and preloading of spudcan in normally consolidated clay 
(after McClelland et al., 1981) 
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This chapter presents a survey of literature pertinent to studies on breakout 
phenomenon in clay with particular reference to those concerned with suction beneath 
foundations. In addition, existing studies on the application of water jetting system in 
spudcan extraction are discussed. This will provide an insight into the potential 
drawbacks of the current extraction method which motivates an attempt to conceive an 
alternative method in the present study. Finally, a brief overview on the deformation 
measurement techniques in geotechnical modeling is also presented with emphasis on 
the state-of-the-art method which will be used in the present study.  
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2.2 Overview of Spudcan-related Studies 
As summarized in Table 2.1, many studies investigating spudcan behavior have been 
performed over the past two decades and a large number employed centrifuge 
modeling technique. The research on this subject was initiated in late 1980s. During 
the early period, the studies commonly focused on behavior of a single spudcan under 
cyclic loading in sand (e.g. James & Tanaka, 1984; Santa Maria, 1988; Tan, 1990) and 
Dean et al. (1998) further extended it to a three-legged jack-up model. The extensive 
spudcan study in clay was first attempted by the Oxford University group with 
particular attention on spudcan fixity under combined loading (e.g. Martin, 1994; 
Martin & Houlsby, 2000, 2001) using plasticity solutions and verified by 1g laboratory 
tests. Later, the research was extended to a two-dimensional jack-up model by 
incorporating structural element and simplified wave loading (e.g. Martin & Houlsby, 
1999; Cassidy, 1999). Currently, the development of the corresponding three-
dimensional numerical model incorporating dynamic analysis of jack-up structures and 
the environmental loading is underway at the Centre for Offshore Foundation System 
(COFS) of the University of Western Australia (e.g. Vlahos et al. 2005; Bienen & 
Cassidy, 2005). In brief, the current trend of this research area seems to move from the 
investigation with a single spudcan toward modeling of the dynamic analysis of an 
entire jackup structure. The latter model will allow the simulation of structure-soil-
fluid interaction which perhaps will create the state-of-the-art jack-up study in the near 
future. 
Despite the intensive research on spudcan and jack-up behaviors particularly under 
combined loading, very little attention has been given to the investigation into spudcan 
extraction in clay. The author is unaware of any published literature on this subject 
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except the study of Craig & Chua (1990b), though some previous studies have been 
attempted to investigate the extrication of objects from ocean bottom (e.g. Muga, 1967; 
Liu, 1969, Vesic, 1971; Byrne & Finn, 1978; Rapoport & Young, 1985). In view of 
this, the review presented in the following sections is extended to the studies on 
breakout phenomenon and uplift of anchors which are somewhat analogous to spudcan 
extraction. 
2.3 Studies on Spudcan Extraction in Clay  
Craig & Chua (1990b) pioneered a specific experimental research on extraction of 
jack-up rig spudcan-type foundations. In their study, centrifuge model tests were 
carried out to simulate spudcan installation and the subsequent extraction under 
undrained loading in uniform soft clays having undrained shear strength in the range of 
12~40 kPa. The model spudcan used was equivalent to a 14-m diameter circular 
spudcan and pore-water pressure measurements were carried out at some radial 
distances in the clay bed to capture the tensile stress behavior immediately beneath the 
spudcan upon extraction.  
As shown in Figure 2.1, upon the spudcan extraction following a limited penetration of 
about 20% diameter, good adherence and sustainable base suctions could be produced 
provided that the compressive bearing pressure prior to uplift was in excess of four 
times the undrained shear strength. At this state, it was reasonably assumed that a full 
plasticity condition had been achieved and thus the resulting base suction could 
hypothetically lead to a high breakout force. The amount of suction was also 
postulated to be largely dependent on the compressive loading history and associated 
penetration ratio prior to extraction. Figure 2.2 plots the ratio of computed breakout 
factors over corresponding bearing capacity factors of the previous compressive 
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loading. The figure shows that the breakout force was apparently proportional to the 
compressive load prior to extraction despite some scatter in the plot. 
Although the complete monitoring of stress and displacement of the spudcan during 
the simulation was presented, a consistent response of pore-water pressures during the 
loading period was not observed. This may be attributed to the change in the 
transducers position in the soil beneath the spudcan during installation. This deters 
attempts to determine the contribution of base suction to total breakout force using the 
results obtained in this study. In addition, the limitation of the study also lies in that the 
effect of the loading history of the spudcan on the resulting breakout force was not 
discussed. The deduced breakout factor thus does not account for the effect of soil 
shear strength change surrounding the spudcan due to the installation and the load 
applied prior to extraction.        
Despite the above limitations, this pioneer study has clearly indicated the importance 
of base suction upon spudcan extraction particularly in soft clays. In addition, the 
correlation between breakout resistance and undrained shear strength attempted in the 
study motivates further research to reveal the actual breakout failure mechanism of 
spudcan particularly in clay. Besides the study by Craig & Chua (1990b), the author in 
unaware of any other published studies on the subject matter. 
2.4 Breakout Phenomenon and Related Studies 
As mentioned earlier, existing studies on spudcan extractions in clay soil are very 
limited. This situation leads to a need to revisit the most fundamental issue in this 
subject namely, the breakout phenomenon. To date, most existing research studies in 
this area involved field studies, physical modeling or theoretical analysis of uplift of 
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plate anchors or shallow footings. Despite some distinct differences between spudcan 
extractions and uplift of anchors, the two cases are somewhat analogous. Therefore, 
understanding of the latter can be beneficial toward understanding spudcan extraction 
problems. In the following sections, the basic understanding of breakout phenomenon 
will be first presented followed by the review of major studies that have been 
conducted in this area. 
2.4.1 Basic definitions 
When extrication is attempted on an object which is either embedded in or rested on 
submerged soil, it is well recognized that the force required to completely withdraw 
the object may be greater than the self-weight. If the object is subjected to a constant 
upward vertical load, the object will not be broken loose suddenly except after a 
critical stage. This phenomenon is called “breakout” and the associated release force in 
excess of the object’s self weight is termed “breakout force” (Vesic, 1971; Foda, 1982; 
Mei et al., 1985). Over the past decades, numerous theoretical and experimental 
studies have been attempted to understand the breakout phenomenon. After several 
pioneer studies on this subject (e.g. Muga, 1967; Ali, 1968; Meyerhoff & Adams, 
1968; Liu, 1969), Vesic  (1971) explained the mechanics of breakout phenomenon 
using an example on uplift of a plate anchor. As illustrated in Figure 2.3, the breakout 
force of a plate comprises several main components i.e., (1) self weight of the plate, (2) 
weight of the soil involved in breakout, (3) vertical component of the shear force along 
the slip planes, (4) adhesion between the plate surface and the adjacent soil, and (5) 
suction due to the difference in pore pressure above and below the plate. The above 
fundamental on the breakout of anchor plates by Vesic (1971) has led to more in-depth 
studies in subsequent years.   
Chapter 2 Literature Review 
  17 
2.4.2 Major studies on breakout phenomenon 
The review on the studies of breakout phenomenon in clay presented herein is limited 
to those which are somewhat concerned with suction beneath the foundation base. 
Most of the studies involved plate anchors. A brief review on other complementing 
studies is also presented to evaluate the current state of the understanding and the 
complexity of the problem. 
2.4.2.1 US Naval Civil Engineering Laboratory (1960s) 
In the late 1960s, an extensive experimental study on the recovery of an object from 
ocean bottom was carried out at the US NCEL. The object with a submerged weight of 
less than 100 kN was forced into the soil, with a penetration depth in the range of 0.1 
to 1.4 m. The associated bearing resistance was about 25 kPa, and the object was then 
recovered. This field test was performed on the very soft silty clay of San Francisco 
Bay and the Gulf of Mexico clay with a considerable shear strength variation. The 
results of this study were first reported by Muga (1967) and further extended by 
several researchers, including Liu (1969), Vesic (1971), Finn & Byrne (1972), and Lee 
(1973).  
From the results, Muga (1967) proposed an empirical formula and numerical analysis 
for the breakout of an object taking into account the on-bottom consolidation and 
breakout time. Further study by Liu (1969) showed that the breakout time was in fact 
difficult to be satisfactorily predicted. However, the studies recognized a similarity of 
bearing failure between compression and tension which implies that reverse bearing 
failure may be appropriate to estimate breakout force. With this assumption, Liu 
(1969) plotted the calculated breakout factor compared to the corresponding 
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compressive value and showed that the two values were related. As presented in Figure 
2.4, despite some scatter in the data, an increasing trend of the breakout factor tcN )(  
in the range of 2.2~5.9 with the corresponding bearing factor ccN )(  was apparent with 
the former consistently being lower than the latter.  
The scatter in the data associated with the uncertainty of the measured undrained shear 
strength in the field deters attempts to generalize or draw conclusive understanding of 
the breakout phenomenon from these studies. The results, which were limited to a 
particular soil condition, object shape, and pull out condition, have some uncertainties 
in their applications.  
2.4.2.2 Vesic (1971) 
Vesic (1971) presented a theoretical analysis of breakout stress of embedded plates 
with supporting experimental results. Based on cavity expansion theory of a semi 
infinite rigid-plastic solid, a formula for predicting breakout stress q was proposed in 
the following form, 
 qcu FDFcq ⋅′+⋅= γ  (2.1) 
where uc = undrained shear strength; γ ′ = effective soil unit weight; D = embedment 
depth; qc FF , = breakout factors for circular or rectangular anchors. The factors have 
accounted for the weight of soil above the plate ( qF term) and the mechanism of plastic 
flow of clay from above the plate along rupture surface ( cF term). In this case, suction 
beneath the plate is assumed to be zero.   
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The experimental results on rapid uplifts of a 76-mm diameter circular plate (B) 
embedded in clay as well as the corresponding predictions are presented in Figure 2.5. 
In the case of clay with an undrained shear strength of 50 kPa, the breakout factors for 
deep anchors with as D/B > 6 were comparable to the well-accepted bearing capacity 
factors for deep foundations in clay of 9~10. As for the tests in very soft clay with an 
undrained shear strength of 5 kPa, the breakout factors increased from 0 at the surface 
to 9 at D/B = 2 after which it remained constant at 9.3 for larger depths. In general, the 
observed breakout factors did not agree with the theoretical ones particularly for tests 
in stiff clay in which the observed factors are as low as 40% of that predicted by the 
proposed theory. No effort was made to examine this disagreement. In addition, no 
description was given on the experimental setup nor compressive loading history prior 
to uplift. 
On the aspect of suction, a suction magnitude of about 3 uc  was arbitrarily deducted 
from the experiments on very soft clay. As shown in Figure 2.5, the amount of suction 
was attained by vertically shifting the breakout curve to zero origin such that the 
breakout factor cF  started from zero at the surface. This subjective approach may lead 
to an ambiguity as to whether this suction was either constant or dependant on some 
factors. Vesic (1971) admitted that very little was known about suction developed 
below anchors upon uplift. To overcome this uncertainty, he proposed a way to 
analyze suction as shown in Figure 2.3. If the excess pore pressures due to uplift above 
and below an anchor are known, suction could be defined as the difference between 
that at the two sides. 
Despite no thorough investigation on suction, this study provides many useful insights 
on the breakout phenomenon in which several potential influencing factors affecting 
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breakout force were qualitatively discussed. These included soil remolding, rate and 
character of loading, soil adhesion, bottom slope, and soil liquidity. 
2.4.2.3 Byrne & Finn (1978) 
Extending their earlier work in 1972, Byrne & Finn (1978) carried out laboratory tests 
on a 25-mm diameter footing with 6-mm deep peripheral skirt on marine silty clay 
with an undrained shear strength of 50 kPa. Pore pressure measurements at the base of 
the footing and the base of the soil sample were facilitated. A high water-pressure 
condition associated with ocean bottom situations was simulated by placing the model 
in a pressurized triaxial chamber. This was also aimed at preventing cavitation from 
occurring during the pore pressure measurement which may lead to lower measured 
breakout stresses. A number of tests were performed with various uplift rates to study 
its effect on the resulting uplift resistance.  
A typical rapid displacement tests result showed that at the footing base, the uplift 
stress was mainly translated to a change in pore pressure instead of a change in 
effective stress (Figure 2.6a). It was hence postulated that the uplift resistance was 
essentially suction, which is the drop in pore pressure, with negligible contribution of 
adhesion force between the plate and soil. Nevertheless, the application of this finding 
for non-skirted shallow footings may require further validation. The effect of the skirt 
on the footing may play a significant role on the considerable suction measured in the 
experiments.  
In the aspect of breakout mechanism, it was postulated that breakout occurred in the 
soil owing to shear failure rather than breakdown between the footing and the soil, as 
illustrated in Figure 2.6b. It was not mentioned, however, whether this postulation was 
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based solely on visual observation of sample deformation. Another major finding was 
that breakout failure mechanism was essentially identical to bearing capacity failure 
with its direction reversed as shown in Figure 2.7. Under this assumption, an average 
empirical breakout factor in the order of 6.4~7.1 was derived, which is still within the 
range of accepted bearing capacity factors for shallow foundations. Based on this, they 
postulated that the maximum breakout pressure for shallow footings fq could 
reasonably be estimated from the classical bearing capacity formula with its direction 
reversed as follows, 
 ccccf idsNcq ⋅=  (2.2) 
where cN = bearing capacity factor, cs = shape factor, cd = depth factor, and ci = 
inclination factor. 
In spite of this apparent agreement, it remains unclear whether this finding could be 
extended for non-skirted shallow footings and deeper embedments. In addition, for 
embedded footing cases, the installation phase is normally associated with soil 
remolding while the subsequent operation stage is linked to the gain in soil strength 
associated with soil consolidation. Some pitfalls may arise if the effects of the two 
aspects on the selection of undrained shear strength into Eq (2.2) are not taken into 
consideration. 
2.4.2.4 Rapoport & Young (1985) 
Rapoport & Young (1985) investigated the uplift capacity of shallow offshore-
foundations by a series of laboratory tests conducted on a skirted rectangular footing 
placed in clay and sand. They concluded that the breakout phenomenon had some 
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similarities with the consolidation process of compressive loadings. The application of 
an upward load would generate negative excess pore pressures below the footing. This 
load was immediately carried by water and a general soil failure took place if the 
applied load was sufficient to reach an immediate breakout. The mechanism changed 
to a local soil failure when less force than that for immediate breakout was applied 
allowing free drainage to relieve the base suction. Based on elastic theory, a 
framework of stress changes upon uplift loading under undrained and drained 
conditions was proposed as shown in Figure 2.8. 
The results of the experiments and plastic theory brought them to a conclusion that the 
soil failure mechanism was the same for both compression and tension loadings, as 
also postulated by Byrne & Finn (1978) in Figure 2.7. As such, they suggested that the 
immediate breakout resistance for shallow foundations uq  could be reasonably 
predicted by the common bearing capacity formulas with the following modification, 
    qqccuu sNDsNBsNcq γγ γγ ′−′+=   (2.3) 
where the value of bearing factors qc NNN ,, γ and the shape factors qc sss ,, γ are the 
same as those for bearing capacity formula. 
This study was limited to partially embedded shallow footings and the effect of 
loading history was not clearly discussed. A limit analysis of the partially drained 
situation was also presented based on the one-dimensional Terzaghi consolidation 
theory but the shear distortion of the soil was neglected. 
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2.4.2.5 Baba et al. (1989); Shin et al. (1994) 
Baba et al. (1989) examined the magnitude of suction force and its controlling factors 
by performing tests on uplift of plate anchors in soft clay under 1g condition. Using a 
5-cm diameter circular anchor embedded 40 cm deep in soft clay, parametric studies 
on water content and pullout rate were carried out with and without suction being 
eliminated. 
The experimental results shown in Figure 2.9a reveal that when suction was not 
eliminated, the suction force increased with pullout velocity but reduced with water 
content. On the other hand, the pullout velocity did not alter the breakout force when 
the suction was eliminated (Figure 2.9b). It was also reported that the suction factor 
could vary from 0 to the order of 5~6 though the shear strength results were not 
presented. 
Shin et al. (1994) conducted 1g model tests on saturated kaolinite and montmorillonite 
to evaluate the variation of mud suction force for shallow circular plate anchors. In 
their study, the effects of clay mineral type, moisture content and embedment depth 
were examined. To quantify the contribution of suction, two tests series were 
conducted for a given soil with and without venting the bottom of the anchor.  
It was found that the effect of embedment depth on suction force was far superior to 
that of clay mineral type or liquidity index. As shown in Figure 2.10, the ratio of 
suction force over net pullout force decreases from about 1 at D/B = 1 to 0.2 at D/B = 
5. It should be noted that in the experiments, the anchor was subjected to continuous 
uplift loading until a complete pullout occurred. 
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A major limitation of uplift tests conducted in 1g by Baba et al. (1989) and Shin et al. 
(1994) commonly lies in the low overburden stress in small-scale tests. Such a low 
stress condition may change the breakout mechanism as separation would occur 
immediately upon uplift. In addition, without subjecting the model to high-confining 
pressure, cavitation is likely to develop under the anchors and limit the resulting 
breakout force.  
2.4.2.6 Mehryar et al. (2002) 
This study investigated the pullout of circular plate anchors with fully attached and 
vented base in homogeneous soft clay. Using large-strain finite element analysis, soil 
flow mechanism for fully attached and vented bases at various embedment depths were 
presented. In addition, a continuous pullout for vented base cases was simulated to 
reveal the detachment process between the soil and anchors. 
The resulting pullout capacities for homogeneous clay are shown in Figure 2.11a for 
the two simulated anchor base conditions. In comparison with the experimental data of 
Das et al. (1994), the breakout factor obtained in the study shows a good agreement. It 
was also noted that the breakout factor resulting from vertical soil-plug model or tN = 
4H/D matched the finite element results when H/D < 1.5 where H = embedment depth 
and D = anchor diameter. In Figure 2.11b, the suction factor was obtained from the 
difference between the breakout factor for fully attached base and that for vented base. 
It is apparent that the suction factor peaks at H/D = 1 and reaches the lowest value 
when H/D = 4. However, it should be noted that the resulting suction factor may be 
overestimated as in the fully attached base condition the tension capacity over the 
soil/anchor interface was assume infinite.    
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Despite its limited application in homogeneous clay, this study has a merit in that how 
the soil failure mechanism changes with embedment depth was clearly presented for 
both anchor base conditions. However, these results should be applied with a caution 
as soil weight was not included in the analysis. As also highlighted in the study, the 
ratio of overburden stress over undrained shear strength at the anchor base level plays 
a major role in determining when separation will occur upon extraction.  
2.4.2.7 Thorne et al. (2004) 
Most analytical models for predicting uplift capacity of anchors are based on 
weightless soil where the effect of soil density is normally superimposed. Unlike these 
studies, the study of Thorne et al. (2004) did not assume the superposition of the soil 
self-weight a priori but instead included it in the analysis. Their investigation focused 
on the phenomenon of tensile failure of the soil, suction development, and their effect 
on the ultimate capacity of strip anchors in homogeneous clay under rapid loading. The 
analysis was carried out using a large-strain finite element program AFENA (Carter & 
Balaam, 1990) with assumption of a thin, smooth, and rigid strip anchor being 
displaced progressively until failure. In addition, a small-strain analysis was also 
conducted as a comparison. 
The study indicated that the large-strain analysis results commonly produced higher 
uplift capacities at very large deformations. However, the small-strain results were 
considered acceptable within the range of allowable practical deformations though it 
could not exhibit the brittle nature of failure mechanism for high strength soil like in 
the case of large-strain analysis. Furthermore, it was found that the inclusion of density 
in anchor analysis was not required and hence the uplift capacity can sufficiently be 
expressed as a function of shear strength for undrained analysis in clay. 
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In most simulated uplift cases, shear failure occurred below the anchor while tensile 
failure was only encountered in stiff soil, as shown in Figure 2.12. In the latter case, 
the failure was accompanied by a separation between the anchor base and the soil 
below. The mode of soil failure in tension would occur only if the negative excess pore 
pressure dissipates and is transferred to the effective stress until dropping to below 
zero.  
With regard to the anchor base separation from the soil, it was postulated that 
separation would occur if the available total vertical pressure below the anchor plus the 
tolerable pore tension prior to uplift is less than 7 uc . This also implies that in 
undrained condition the same value of change in total vertical stress is typically 
required to cause shear failure adjacent to and below the anchor under uplift but 
limited by the tolerable pore tension. The tolerable pore tension was defined as the 
minimum absolute pressure in which cavitation (boiling) will occur. As presented in 
Figure 2.13, the assumption of tension or no-tension allowed below the anchor did not 
make any difference for weak soils as shear failure below the spudcan occurred when 
the vertical pressure dropped to around 6~7 uc .  
From the resulting load-deflection curves, it was also noted that for shallow anchors in 
stiff soil, a sudden failure occurred at small deflections while the ultimate load was 
attained after very large deflections. 
Despite the comprehensive description of anchor breakout failure mechanisms, the 
prediction of base suction and in particular its contribution to total uplift resistance 
were not attempted in the study. Hence, the application of this study may still be 
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uncertain in the case of spudcan extraction where the effect of installation and 
subsequent operation creates significant shear strength non-uniformity.   
2.4.2.8 Rattley et al. (2005) 
In this study, centrifuge tests were carried out primarily to investigate the effect of 
loading rate on the uplift resistance of plate anchors resting on overconsolidated clay. 
The square plate anchors with widths measuring 30 mm and 45 mm were embedded 45 
mm deep and uplifted at various rates ranging at 0.03, 3, 30, and 100 mm/sec. To 
identify the contribution of base resistance of the plate for tests in clay, an identical test 
was performed with the anchors being rested on the sand base so as to provide 
measured uplift resistance with negligible base resistance. 
As shown in Figure 2.14a, tensile resistance was present at the anchor base-clay 
interface and found to increase by 60% when the uplift rate was varied over the range 
prescribed in this study. The reducing level of partial drainage at the anchor base 
accounted for the increase in uplift resistance. When the uplift rate was greater than 3 
mm/sec or considered as under fully undrained condition, an increase of 6.5% per log 
cycle was observed and attributed solely to the viscous effect.  
A series of T-bar tests were also conducted at various penetration rates ranging from 
0.3 mm/sec to 100 mm/sec. The shear strength at the plate anchor level showed that the 
base resistance of 70 kPa offered by the anchor under fully undrained condition was 
approximately 6~7 times the undrained shear strength, as presented in Figure 2.14b. It 
was therefore postulated that at a sufficiently high rate or fully undrained condition, 
the uplift resistance could be estimated using inverted bearing capacity or 
hemispherical contraction.  
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The results of this study provided a very useful insight on the effect of uplift rate on 
the uplift resistance of anchors. However, the base resistance was not investigated 
thoroughly as it was solely determined from the subtraction of the total resistance 
offered by the sand base from those of clay base. A strong correlation between the 
undrained shear strength and base resistance was observed but this finding was only 
based on a limited number of tests. Hence, further investigation is required to verify 
this preliminary hypothesis.       
2.4.2.9 Other studies 
Apart from the literature reviewed above, a number of experimental and theoretical 
studies have been developed to verify and develop the fundamental theories proposed 
by Vesic (1971) as well as to provide better understanding of the breakout 
phenomenon particularly for plate anchors and shallow footings (e.g. Ninomiya et al., 
1972; Lee, 1973; Bemben & Kupferman, 1975; Nhiem, 1975; Roderick & Lubbard, 
1975; Davie & Sutherland, 1977; Das, 1991; Das & Singh, 1994; Datta & 
Suryanayarana, 1994; Khing et al., 1994). The advancement of finite element method 
since 1980s also initiated numerical studies in this subject, particularly on plate 
anchors, which allowed more rigorous approaches (e.g. Rowe & Davis, 1982). As 
most of these studies were developed for anchors in homogeneous clay, their 
applications to spudcan extraction suffer a major limitation in that the installation 
process and the effect of operation-load history were not accounted for. It is believed 
that the spudcan installation and the subsequent operation create a complex stress state 
at the surrounding soil. This would translate to some degrees of shear strength non-
uniformity prior to extraction which deters the adoption of anchor solutions for the 
spudcan extraction problems. 
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From fluid mechanics perspective, Foda (1982) and Mei et al., (1985) have developed 
analytical theories to describe how negative excess pore pressures or suction developed 
at the base of an object on an attempted extraction. These studies are further elaborated 
by Sawicki & Mierczynski (2003) who numerically modeled how a gap and the 
associated suction develop when an object is being extricated. However, in these 
numerical studies, the soil is still treated as a rigid elastic material and the possibility 
of shear failure in the underlying soil has not been taken into account.  
In the present state of the art, the magnitude of suction developed below an object 
upon extraction is still uncertain. Therefore, in order to avoid complexity associated 
with how the separation between the anchor base and the underlying soil takes place, 
most anchor studies examined the breakout factors for two extreme conditions of 
anchor base following Rowe & Davis (1982). In the first condition, namely immediate 
breakaway case, it is assumed that the base interface can not sustain tension so that the 
plate and the soil are immediately separated under uplift load. This represents cases 
where adhesion or suction is absent on the interface between the anchor base and the 
soil. The other condition is when a full bonding of the interface is assumed which 
prevents the base breakaway from the underlying soil at all times upon uplift, or often 
termed as “no breakaway” case. In fact, it is believed that the actual breakaway state 
exists between the two extreme conditions in which the presence of suction may allow 
the transition from full bonding to no bonding cases. This reveals the importance of 
suction for which most existing studies have yet to account for. 
2.5 Uplift Capacity of Plate Anchors 
As mentioned above, the spudcan extraction can be considered to some extent 
analogous to the uplift of horizontal anchors. Apart from the potential development of 
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base suction, the anchor theories may be applicable to help understand the behavior of 
soil above the spudcan upon extraction. In this regard, it is worth revisiting the 
available uplift models for anchors. 
2.5.1 Review by Kulhawy (1985) 
Kulhawy (1985) qualitatively reviewed the existing uplift models for anchors over the 
past decades. The cone methods (Figure 2.15a) assume that the net uplift resistance is 
provided by the weight of soil. An angle greater than zero is an ad-hoc attempt to 
incorporate the effect of side resistance by substituting an equivalent weight of soil. 
However, there is no rational basis to establish these angles in a general manner. The 
shear methods (Figure 2.15b) assume that the uplift resistance is constituted from the 
soil weight and shear resistance along a cylindrical shear surface. This method is 
commonly adopted for the case of undrained soft clay in which the slip plane is 
assumed to exist along lines above the anchor edge. The curved surface methods 
(Figure 2.15c) are a more general version of the shear methods where slip plane can be 
of a curved surface. Similar to the bearing capacity or cavity expansion method, this 
method is not applicable to deep anchors and tends to overestimate the uplift capacity 
in loose, normally consolidated soils (Figure 2.15d). 
Besides reviewing the existing models, Kulhawy (1985) also proposed a newly 
generalized uplift model for anchor improving those proposed in the early days, as 
shown in Figure 2.15e. The basic behavior pattern consists of two components: namely 
punch through of anchor or bearing capacity failure and shear surface of soil above the 
anchor. The shear surface can be either a cone shape in the case of shallow anchors 
installed in high strength soils or a cylinder/prism shape if the soil above anchors is 
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sufficiently weak and compressible. The shear failure could not be achieved before 
bearing capacity failure takes place. 
Despite the useful insights given by the qualitative assessment, the uplift capacity of 
horizontal anchor in undrained loading was not discussed by Kulhawy (1985). Hence, 
more rigorous models are required to analogously predict the top soil resistance during 
spudcan extraction specifically those which can address the expected non-homogeneity 
of shear strength above the spudcan prior to extraction.    
2.5.2 Studies by Merifield et al. (2001, 2003) 
A comprehensive study on behavior of uplift anchor was performed by Merifield et al. 
(2001) taking full advantage of the advanced numerical formulations of limit theorems. 
With simple solutions, this study is able to bracket the uplift capacity with sufficient 
accuracy and improved the discrepancy between existing lower and upper bounds 
solutions. The solutions for strip anchors at various depths in homogeneous and non-
homogeneous clay were proposed.  However, the results are only applicable for the 
immediate breakaway cases due to uncertainty in the actual magnitude of suction 
below anchors. 
The computed lower and upper bounds for anchor breakout factor in homogeneous 
clay are bracketed within ±5% showing sufficiently accurate estimations achieved in 
the numerical computation. Compared to other numerical solutions shown in Figure 
2.16a, the finite element limit analysis solution is able to improve the breakout factor 
discrepancy particularly at large embedment depths. In Figure 2.16b, the two optimum 
bound solutions also compared favorably with some laboratory tests results with 
exception for that of Meyerhof (1973). For the case of linearly increasing shear 
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strength with depths, breakout factors are proposed in Figure 2.17 with an error bound 
of ±3%.  
This study was further extended in 2003 by applying three-dimensional numerical 
limit analysis to evaluate the effect of anchor shapes to pullout capacity of horizontal 
anchors. Figure 2.18 shows an example of effect of circular-shaped anchors on the 
collapse load presented in terms of ratio of capacity of circular anchors over that of 
strip termed shape factor S. The capacity of circular anchors is always greater than that 
of strip anchors and found to decrease with anchor depths.  
Considering the versatility of this model, it will be used to predict the top soil 
resistance above the spudcan as a comparison to the measured ones. This will be 
discussed in Chapter 7. 
2.6 Water Jetting System 
Traditionally, the spudcans of most jack-up rigs are outfitted with an integrated water 
jetting system to assist in the penetration, if a certain penetration depth is required; or 
to ease extraction, if large uplift resistance is encountered. This system can provide 
highly-pressurized water in the range of 9~21 bar (KeppelFELS, pers. comm.) through 
an array of nozzles at both top and base of the spudcan. In the current understanding, 
the nozzles on the top serve to weaken the accumulated back-flow soil overlying the 
spudcan. At the base of the spudcan, the nozzles are mainly aimed at breaking 
adhesion or suction developed over the spudcan base and to fill cavity which is 
perceived to exist below the spudcan during pullout.  
As has been outlined in Chapter 1, jetting system in jack-up rigs seems very basic but 
their effectiveness of the jetting systems remains questionable. In many instances 
Chapter 2 Literature Review 
  33 
where large uplift resistance is encountered, particularly in soft clay seabed associated 
with deep leg-penetrations, the conventional water jetting system is often unable to 
assist extraction process effectively. Erbrich (2005) reported that the ineffectiveness of 
the existing water jetting system may be attributed to the arrangement of jet nozzles 
which normally comprised only a single ring at mid-radius of the spudcan base. It was 
also suggested that placing more nozzles around the base center may provide more 
effective breaking of hydraulic “seal” between the soil and the spudcan base. 
2.6.1 Studies by Lin (1987, 1995) 
To date, studies on the implementation of water jetting in easing spudcan extraction 
are very limited. The complexity of this problem perhaps lies in the fact that this 
subject involves the combination of soil and fluid mechanics. An investigation on the 
application of water jetting for spudcan operations was reported by Lin (1987, 1995). 
Other than these studies, the author is unaware of any published literatures on or 
related to this subject. 
In the studies reported by Lin (1987, 1995), a series of tests using a model spudcan 
outfitted with water jetting system was performed on fine to medium saturated sands in 
1g, as schematically illustrated in Figure 2.19. The model spudcan has a diameter of 
0.6 m and a maximum penetration depth of 1.52 m. A comparison between jetting and 
non-jetting model was made. In addition, the jetting pattern and pressure were varied 
and their effects were evaluated. The results suggested that jetting was able to ease the 
spudcan retrieval by decreasing the suction developed below the spudcan and by 
reducing the soil resistance. It was also claimed that in non-cohesive soils, jetting may 
reduce the uplift resistance by as much as 80%, as shown in Figure 2.20. 
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Several limitations exist in the experimental studies by Lin (1987, 1995). Firstly, the 
jetting system was only proven effective in granular soils, i.e. sand, for shallow 
penetration depths of the small scale model. The stress-dependant behavior of sand 
was not properly simulated in the small scale model in such a 1g situation. The results 
may not be applicable in the field situation where spudcans deployed have far larger 
diameters of 10-20 m diameter. Secondly, the system was workable based on the 
concept of fluidization of highly permeable soils. This implies that upon application of 
high pressure, the pore pressures in the soil surrounding the spudcan instantly increase 
and thus reduce the shear strength. If the workability of the jetting system is solely 
based on this concept, it would restrict the applicability of such a system solely to 
highly permeable soil. In fact, difficulties in extracting the spudcan are often 
encountered in lowly permeable soil and very seldom occur in highly permeable ones.  
2.7 Deformation Measurement Techniques 
In geotechnical modeling, displacement measurement of the soil during simulation is 
of major interest. As described in detail by White (2002), the deformation 
measurement techniques adopted for geotechnical modeling can be generally classified 
into several groups as follows: 
a. 1-D contact measurement (e.g. usage of LVDT or LDT) 
b. 1-D non-contact measurement (e.g. laser triangulation) 
c. 2-D radiographic methods (e.g. X-ray with lead shot targets) 
d. 2-D optical method (e.g. Photographic film or PAL video with target markers) 
e. Combination of digital photography, Particle Image Velocimetry and close 
range photogrammetry 
Chapter 2 Literature Review 
  35 
In terms of precision, LVDT or LDT could provide accurate 1-D measurement though 
the measurement points are limited and must be made prior to the modeling events. 
More rigorous displacement monitoring could be performed using the above 
mentioned 2-D methods. A typical X-ray based measurement method uses lead shots 
embedded in the soil with successive radiographs taken to track the movements. This 
technique was popular in 1960s and is normally used for modeling in sand particularly 
to quantify the changes in sand density during testing (e.g., Roscoe et al. 1963, James 
1965, and Bransby, 1968). However, this technique suffers from several major 
limitations such as long measurement interval, limited measurement points, and low 
precision associated with difficulties in locating the lead shots.  
The unsafe use of X-ray radiographs led to the development of photographic-film 
based measurements technique using stationary cameras (e.g. Butterfield et al., 1970; 
Potts, 1976; Mair, 1979; Kutter, 1982; Taylor et al. 1998). In this technique, a plane of 
the model is exposed through a transparent viewing window and a grid of markers 
embedded over the interface. The advancement of photography technology allows a 
high capturing-rate and suitable for use in dynamic testing. Besides the limited number 
of measurement points associated with the use of target markers, the precision of this 
method largely depends on the performance of target marker centroiding and tracking 
techniques.  
In 1980s, video photography technology was adopted to improve the measurement 
using conventional film by providing higher frame rate (e.g. Garnier et al. 1991; Chen 
et al., 1996; Taylor et al. 1998; and Saada et al., 1999). A PAL-resolution video 
camera coupled with frame grabber and the then well-developed centroiding technique 
allows target markers tracking at any point in time automatically. Despite its relatively 
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high capturing-rate, this technique produces far less resolution compared to typical 
film cameras which in turn lead to a lower performance. In addition, the presence of 
“line noise” may reduce the quality of the image. 
With respect to the use of target markers normally in 2-D measurement techniques, 
White (2002) discussed several potential drawbacks as follows: 
a. non-quantifiable reinforcing effect induced by a dense grid of markers 
b. unsatisfactory details in high-strain area or difficulty in locating potential 
highly-deformed areas prior to testing 
c. reduced measurement reliability associated with partial or total obscurity of 
markers in the soil 
d. potential of missing “unexpected” important information associated with the 
need to prescribe locations of the markers prior to testing 
The above drawbacks associated with the existing measurement techniques lead to a 
development of new system based on digital photography, particle image velocimetry, 
and close range photogrammetry (White & Take, 2002; White et al., 2003). More 
detailed discussions in this subject are presented in the following sections. 
2.7.1 Particle Image Velocimetry 
The Particle Image Velocimetry (PIV) technique was first developed in the field of 
experimental fluid mechanics (Adrian, 1991). This velocity measurement technique 
essentially works on tracking added markers or particles in a fluid flow using images 
captured by an optical method, typically photographic film. Vector velocities are 
obtained by evaluating the interrogation patches prescribed in two sequential images. 
To locate a corresponding patch in successive images, auto correlation technique was 
Chapter 2 Literature Review 
  37 
adopted and evaluated in either space domain or frequency domain using the Fast 
Fourier Transform (FFT).  
Unlike in fluid mechanics, soil deformation is typically of major interest in 
geotechnical modeling which can be considered as a low-velocity process. Analogous 
to seeding of fluid, soil texture must be present upon which the image processing 
technique operates. For sand, its own natural fabric normally has sufficiently unique 
texture for the analysis purpose. On the other hand, the colorwise plain clay must be 
textured by adding flocks or beads to enable the analysis.  
The PIV analysis in fluid mechanics is normally aimed at obtaining instantaneous 
velocity field, which can be deduced from a single pair of images, as the test was 
performed under steady state condition. However, the corresponding analysis in 
geotechnical modeling typically necessitates the monitoring of soil movements 
throughout the entire simulation process. Hence, instead of using the auto-correlation 
matching method with a single interrogation patch, cross correlation is used in which 
two interrogation patches are introduced. 
In the present study, GeoPIV8 software developed by White & Take (2002) was 
adopted to quantify the soil movements during spudcan simulation. As illustrated in 
Figures 2.21 and 2.22, the software operates by tracking texture of a particular patch 
within an image of soil through a series of sequential images using PIV principles. 
Initially, a mesh of PIV patches is prescribed on the first image. In the analysis, to find 
the location of a particular patch ),( 11 vu  of Image 1 in the subsequent image, the 
following operation is carried out: 
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 To correlate between the patch extracted in Image 1, a larger patch in Image 2 is 
evaluated using FFT. The size of the larger square patch in Image 2 is prescribed 
by searching area of uniform distances from the center of initial patch location 
),( 11 vu .    
 Within the search patch in Image 2, the highest correlation is located and 
considered as the displaced location of the patch ),( 22 vu . 
 Sub-pixel precision of the location of the peak correlation is established using 
bicubic interpolation.  
 The procedure is repeated for the other patches within Image 1 to construct the 
movements of soil within the sample. 
 In the subsequent analysis, the same procedure is repeated using the displaced 
mesh of patches on Image 2 as the initial image for the subsequent images in the 
series to produce trajectories of soil movements. 
The soil movement vectors obtained from PIV analysis are essentially displacements 
in terms of pixel on the image. Hence, conversion to object space, e.g. in mm or cm 
unit, is required to present the result in a more “physically meaningful” form. Most 
previous geotechnical researchers except Taylor et al. (1998) and Ethrog (1994) used a 
single scaling factor assuming a constant value is valid throughout the image. This 
approach obviously leads to some degrees of error in the measured displacement as it 
overlooks the image distortion. With close-range photogrammetry, numerous sources 
of error could be eliminated in the transformation process. The detail of this is 
elaborated in the next section. 
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2.7.2 Close-range photogrammetry and camera calibration  
2.7.2.1 Camera model  
In order to obtain high precision, PIV analysis is coupled with close-range 
photogrammetry to link the measured displacements in image-space coordinate or 
pixel (U) and object-space coordinates (X). As described in Figure 2.23, this process is 
essentially the transformation process of U (u, v) ⇒ x (x, y, z) ⇒ X (X, Y, Z) using a 
mathematical framework. Unlike using a single scaling factor, this transformation has 
accounted for image distortion and therefore could improve the precision. As will be 
described later, the sources of image distortion are non-coplanarity, radial and 
tangential distortion, CCD non-squareness, and refraction through a viewing window 
(Heikkila, 1997; White, 2002; White et al., 2003). 
The above transformation is indeed a reverse process of camera model or X (X, Y, Z) 
⇒ x (x, y, z) ⇒  U (u, v). As illustrated in Figure 2.24 (Heikkila, 1997), a pinhole 
model is typically used to approximate camera projection in which each point in object 
space ),,( iii ZYX  is projected by a straight line to the image space ),( ii vu , or camera 
CCD, through a projection center ),,( 000 ZYX . The potential non-coplanarity between 
object (X) and camera (x) coordinate systems is accounted for by rotation represented 
using Euler angles ),,( κϕω  defining a sequential three elementary rotations around 
the x-, y-, and z-axis, respectively. It should be noted that z-axis is normal to the image 
plane and in the case of planar object iZ is equal to 0. 
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An object point iP  at location ),,( iii ZYX  can be expressed in image coordinates 
),( ii vu  by first being transformed to camera coordinates ),,( iii zyx . This 




























































 (2.4)  
where 
 κϕ coscos=11m  κωκϕω sinsincossincos +=13m
 κϕ sincos=21m  κωκϕω cossinsinsincos −=23m  
 ϕsin−=31m  ϕω coscos=33m  
 κωκϕω sincoscossinsin −=12m  0130120110 YmYmXmx −−−=  
 κωκϕω coscossinsinsin +=22m  0230220210 YmYmXmy −−−=  
 ϕω cossin=32m  0330320310 YmYmXmz −−−=  
In the above equation, ),,( 000 zyx  and ),,( κϕω  constitute external camera parameters 
representing the position and orientation of the object coordinate system with respect 
to the camera coordinate system. Besides these parameters, there exist internal 
parameters which include effective focal length f, scale factor or image aspect ratio us , 
and image centre or principal point ),( 00 vu .     
To convert a camera coordinate to that of image coordinate, or essentially to change 
metric unit to pixel, the conversion factor uD  and vD  are required. Using the pinhole 
model, the projection of the point ),,( iii zyx  to image plane can be given by 
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By projecting )~,~( ii vu  with the following transformation, the corresponding image 

























The pinhole model described in Figure 2.24 is a rough approximation for the relation 
between object and image coordinates. This simple model must be extended to account 
for systematic distortions, i.e. radial and tangential distortions. The former is attributed 
to radial lens distortion causing a point in the actual image displaced radially in the 
































where 21 kk , … are the coefficient for radial distortion and 
22 ~~
iii vur += . To 
compensate for the error, typically two coefficients are sufficient (Heikkila, 1997). In 
Figure 2.25a, the effect of radial distortion is illustrated. The other distortion type, i.e. 
tangential distortion, comes about owing to non-colinearity of the center of lens 
surface curvature in a lens system as shown in Figure 2.25b. The expression for this 































     (2.8) 
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where 21 pp ,  are the coefficient for tangential distortion (Slama, 1980). Coupled with 
21 kk ,  and the previously mentioned parameters, i.e. f, us , and ),( 00 vu , this group of 
eight parameters constitute a complete internal camera parameters.  
Combining the pinhole model and corrections for radial and tangential distortion, 



































With the above mathematical framework, intrinsic and extrinsic camera parameters can 
be deduced through a geometric camera calibration procedure. A camera calibration is 
essentially to compute the camera parameters using a set of known control points in 
object space and the corresponding locations measured in image space which was 
taken from several different angles through a non-linear optimization (Heikkila, 1997). 
In the present study, a MatLab-based routine called ”Camera Calibration Toolbox 
v3.0” developed by Heikkila (1997) was used to perform the camera calibration from a 
set of control points pasted in a planar viewing window.      
2.7.2.2 Refraction through viewing window 
In the present study, the soil movement surrounding a spudcan will be observed 
through a single transparent viewing window. The window is made of perspex and 
hence produces a refractive effect. This effect makes an object behind the window to 
appear radially further. Hence, in the calibration process, this refractive distortion 
should be accounted for by defining radial displacement vector to be added to the 
object-space coordinates. In other words, the actual points are shifted radially further 
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to the place they appear (White, 2002). The framework to model this distortion is 










tVRRR actualapparent  (2.10) 
where Aapparent RRV −=  and 0ZH =  as illustrated in Figure 2.24, t = window 
thickness, and n = refraction index of perspex which is typically 1.46. 
2.7.2.3 Method for locating control points 
As mentioned earlier, a set of control points are required to establish the calibration 
parameters. Therefore, the corresponding positions of the control points in the image 
must be measured with precision to minimize the potential calibration errors. A control 
marker should provide a high contrast compared to the background that can be located 
in the image space using a centroiding method. The marker could be a black circular 
point on white background or vice versa. Conventionally, the centroid of the points can 
be determined by selecting a brightness threshold that “delineate” the circular point 
from the background and subsequently calculate its centroid. Take (2003) adopted this 
method by evaluating the centroid at various brightness thresholds and choose the 
mean value as illustrated in Figure 2.27. In the process, some extent of subjectivity is 
still involved as the lower and upper thresholds have to be determined manually. In the 
present study, the centers of the control points were located using the moment and 
curvature preserving edge detection technique coupled with renormalization conic 
fitting (Heikkila, 1997). Essentially, the technique reconstructs the detected edge pixels 
of a control point back to its originally circular or ellipse shape and subsequently 
determines the centroid of the reconstructed edge pixels by conical fitting, as 
Chapter 2 Literature Review 
  44 
illustrated in Figure 2.28. The detailed algorithm of this method can be found in 
Heikkila (1997).     
2.7.2.4 Transformation procedure 
In the application, the observed image coordinates obtained from PIV analysis need to 
be projected back to the object coordinates. Adopting the algorithm developed by 
White (2002) as illustrated in Figure 2.29, the transformation procedure can be briefly 
described as follows: 
 The pixel coordinates of a set of control points, whose object coordinates have 
been first identified, are determined using the method for locating the centers of 
control points described above.  
 In the present study, three sets of measured image coordinates were taken from 
different angles from which extrinsic and intrinsic camera parameters can be 
deduced using the calibration technique by Heikkila (1997). 
  To extract the window refraction effect from the deduced camera parameters, 
iterations were performed with the refraction parameters until stable parameters are 
achieved. 
  With the stable parameters, the image coordinates obtained from PIV analysis are 
corrected for distortion using the reverse distortion model developed by Heikkila & 
Silven (1996). 
 The corrected image coordinates are converted to object coordinates using the 
reverse linear camera model. 
 The object coordinates are corrected for refraction to determine the actual object 
coordinates.  
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2.8 Summary 
A review of published literatures pertaining to spudcan-related studies has been made. 
The current trend shows that the investigations mainly focused on combined loading of 
spudcan to complement the three dimensional analysis of jack-up structures. On the 
other hand, for over 15 years after the pioneer study by Craig & Chua (1990b), 
apparently no published literature on spudcan extraction has been reported.  
Though the associated risk is less than the spudcan installation problems, statistically 
the spudcan extraction problem shows an increasing trend particularly in South Asia 
region. However, the understanding of this issue is still inadequate in order to better 
understand the spudcan extraction problems. The adoption of plate anchor theories has 
a major pitfall in that the effects of installation and loading conditions during operation 
period on breakout force are normally not taken into consideration. In addition, the 
existing studies are still subject to considerable simplifications and uncertain 
applications (Craig & Chua, 1990b). With regard to the existence of suction, the 
existing studies have yet to reveal the importance of base suction and its contribution 
to the breakout force. 
The scarcity of studies on spudcan extraction problems and their limited understanding 
reflect necessity to conduct further research on this specific area. A proper 
understanding of this issue would help jack-up operators to mitigate the potential 
hazards associated with spudcan extraction as well as to encourage the research 
communities to conceive solutions to the problem.  
The availability of particle image velocity technique (PIV) coupled with close-range 
photogrammetry, as a well established deformation measurement technique, facilitates 
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an accurate monitoring of soil deformation which is often of major interest in 
geotechnical modeling. With the GeoPIV8 software (White & Take, 2002), developed 
using PIV principle, an investigation on soil deformation during spudcan operation 
will be attempted with emphasis on revealing the breakout failure mechanism of 
spudcan.      
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Table 2. 1  Summary of spudcan studies to date 
 
Research Topic Researcher Soil Type Modeling Technique 
Craig & Chua (1990a, 
1991) Sand, clay Centrifuge 
Finnie (1993) Calcareous Centrifuge 
Mehryar et al. (2002) NC clay Large deformation FE 
Hossain et al. (2004, 2005, 
2006) Uniform clay 
Centrifuge, PIV, Large 
deformation FE 
Spudcan penetration 
Barboza-Cruz (2005) NC Clay Large deformation FE 
Finnie & Randolph (1994) Calcareous Centrifuge 
Hossain et al. (2005) Stiff/soft clay Centrifuge, PIV Spudcan punch-through  
Teh et al. (2005) Sand/clay Centrifuge, PIV 
James & Tanaka (1984) Sand Centrifuge 
Santa Maria (1988) Sand Centrifuge, plasticity solution 
Dean et al. (1998) Sand, clay Centrifuge 
Tan (1990) Sand Centrifuge, plasticity solution 
Martin (1994), Martin & 
Houlsby (2000, 2001) Clay 1g model, plasticity solution 
Byrne & Houlsby (2001) Sand 1g model, plasticity solution 
Spudcan operation 
(under combined or 
cyclic loadings) 
Ng (2002) Sand Centrifuge, FE 
Martin & Houlsby (1999) Clay Plasticity solution 2-D jackup-soil-wave 
interaction Cassidy (1999) Sand, clay Plasticity solution 
Vlahos et al. (2005) Clay 1g model, plasticity solution 3-D jackup-soil-wave 
interaction Bienen & Cassidy (2005) Sand, clay Plasticity solution  
Siciliano et al. (1990) Clay Centrifuge 
Craig & Chua (1998) Clay Centrifuge 
Springman & Schofield 
(1998) Clay Centrifuge 
Stewart (2005) Clay Centrifuge 
Spudcan-pile 
interaction and lateral 
load transfer 
Xie et al. (2006) Clay Centrifuge 
Stewart & Finnie (1991) Clay Centrifuge 
Clunie-Ross (1999) Clay Centrifuge 
Jardine et al. (2001) Clay FE 
Treacy (2003) Clay Centrifuge 
Spudcan-footprint 
interaction 
Cassidy (2003) Clay Centrifuge 
Spudcan sliding  Allersma et al. (1997) Sand Centrifuge 
Spudcan vs caissons Cassidy et al. (2004) Clay Centrifuge 
Spudcan extraction Craig & Chua (1990b) Uniform clay Centrifuge 
Remark: FE = Finite Element; PIV = Particle Image Velocimetry; 1g = laboratory tests in unit gravity 
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Figure 2. 1  Time history of spudcan simulation in soft clays showing significant uplift 




Figure 2. 2  Breakout factors for uniform clay (after Craig & Chua, 1990b) 
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bearing stress > 6 cu 
Significant tensile stress  
> 5 cu at breakout 
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(a) Measured stresses at footing base                  (b) breakout failure mechanism 
 
Figure 2. 6  Results of a displacement-controlled breakout test of skirted footings in clay          
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Figure 2. 8  Free body diagrams of stress changes under uplift loading                                        






(a) classical bearing capacity failure mechanism 
(b) assumed breakout mechanism 
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(b) Breakout force with suction eliminated 
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                     (a) Pullout capacity factor                                (b) suction factor on plate base 
 
Figure 2. 11  Pullout capacity and suction factors for homogeneous soil based on FE solutions 
(after Mehryar et al., 2002) 
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Figure 2. 13  Uplift capacity with and without allowing pore tension (after Thorne et al., 2004) 
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       (a) summary of uplift capacity             (b) T-bar vs anchor resistance 






Figure 2. 15  Existing uplift models for anchors (after Kulhawy, 1985) 
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Figure 2. 16  Breakout factors for horizontal anchors in homogeneous clay (a) comparison with 
existing numerical solutions and (b) existing laboratory test results                                                




Figure 2. 17  Effect of increasing soil cohesion to breakout factor: lower bound results                      
(after Merifield et al., 2001) 
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Figure 2. 19  Schematic diagram of water jetting system and expected fluidized zone caused by 
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Figure 2. 20  Variation of pullout force with embedment depth for jetting and non-jetting 















Chapter 2  Literature Review 














Chapter 2  Literature Review 
  60 
 









Figure 2. 24  Pinhole camera model (after Heikkila, 1997) 
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         (a) radial distortion            (b) tangential distortion       








Figure 2. 26  Mathematical framework to make correction for refraction effect of transparent 
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Figure 2. 28  Subpixel edge detection: (a) an elliptic feature; (b) corresponding edge pixels; (c) 
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This chapter mainly describes centrifuge modeling technique, experimental setup for 
full and half-spudcan tests, and experimental procedures adopted in the present study. 
This also involves a brief review on miniature penetrometers to be used in the in-flight 
soil shear strength characterization tests. In addition, a detailed discussion on the soil 
specimen including preparation procedure and evaluation on its basic properties, 
particularly undrained shear strength, are subsequently presented. Finally, the 
calibration of key pressure sensors used in the present study and the validation of 
camera calibration scheme as a major part of the adopted deformation measurement 
technique, are also elaborated.  
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3.2 Centrifuge Modeling Technique 
3.2.1 Why Centrifuge? 
For general undrained geotechnical problems in clay, 1g laboratory tests with reduced-
scale models should be able to provide a proper modeling with reliable results. It is 
well known that the behavior of undrained clay depends more on cohesion unlike sand 
which behavior is primarily governed by effective stress. However, in the case of 
spudcan operation to be simulated in the present study, 1g modeling technique exhibits 
several limitations as follows: 
a) Owing to the inability to generate appropriate stress levels as those in the field, 
soil backflow may not take place or may only occur at a larger spudcan 
penetration depth. For spudcan extraction, it is believed that the presence of soil 
backflow above the spudcan would provide a seal against transient suction 
developed at the spudcan base upon tension (Hossain, 2004).  
b) The weight of infill soil above the spudcan and surcharge pressure of the 
overburden soil are also negligible and hence do not significantly affect the 
bearing capacity (Martin & Houlsby, 2000). 
c) If the stress below the spudcan upon extraction is too low, cavitation is likely to 
occur as the pore pressure would drop significantly below the atmospheric 
pressure (Thorne et al., 2004). This in turn will limit the resulting breakout force.  
The above limitations of 1g model can be overcome by centrifuge tests in which high 
pressures could be generated. Since the simulation also includes soil consolidation 
with a constant vertical load being maintained for a certain period, centrifuge modeling 
will speed up this process by 2N times where N is the acceleration level; providing 
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another significant advantage over 1g model. In addition, the typical normally 
consolidated clay profile in the field could easily be replicated in the centrifuge as the 
effective stress is linearly increasing with depth at the end of in-flight consolidation. 
As such, the adoption of centrifuge modeling justifies the simulation of a prototype 
spudcan using a small scale model with the same stress level and similar typical shear 
strength profile being imitated.  
3.2.2 Centrifuge Scaling Laws and Errors 
One main advantage of centrifuge modeling lies in its ability to reproduce similar soil 
behavior in a reduced scale version of a prototype. Two key issues, namely scaling 
laws and scaling errors, must be considered to conduct a proper centrifuge modeling. 
The basic scaling laws are derived based on the similarity of stress between model and 
prototype whereas the scaling error is associated with the non-linear vertical stress 
distribution produced by centrifuge in the model (Schofield, 1980; Taylor, 1995).  
The usual practice in geotechnical centrifuge modeling is to build a 1/N scale model 
and accelerate it to Ng, where N is the ratio of centrifugal to the gravitational 





2ω=     (3.1) 
where eR  is effective radius of centrifuge, ω  is angular speed of rotation, and g is the 
gravitational acceleration.   
The vertical stress in a prototype soil column vpσ  at any depth h can be given by 
 ghpvp ρσ =  (3.2) 
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Usually, the same soil is used in the model as that in the prototype and thus the mass 
density ρ  can be assumed to be the same. Hence, Eq. (3.2) can be expressed in terms 
of model scale as 
 ghN mvm ρσ =  (3.3) 
where the subscripts m and p denote the model and prototype, respectively.   
For vpvm σσ = , the scaling relation for linear dimension between model and prototype 





m 1=  (3.4) 
Another important phenomenon needs to be simulated in the present study is the soil 
consolidation process. The duration of consolidation is not associated with dynamic or 
inertial process but rather with a diffusion process (Tan & Scott, 1985) and hence the 
diffusion time scaling has to be separately considered. Using the dimensionless time 










⋅=⋅=   (3.5) 
Assuming the coefficient of consolidation vc  are the same in the model and prototype, 






m =   (3.6) 
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From this analogy, various scaling relations between model and prototype can be 
deduced as summarized by Leung et al. (1991) in Table 3.1. However, it should be 
noted that a conflict arises when a rate of penetration/extraction needs to be simulated 
in undrained condition. As this parameter is critical in the present study, a detailed 
discussion on this matter will be presented later in this chapter. 
It is very important in centrifuge modeling to position the effective radius eR  so as to 
minimize the resulting stress error throughout the specimen thickness. The detailed 
discussion of the stress error in centrifuge modeling can be found in several literatures, 
e.g. Schofield (1980), Taylor (1995), Cooke (1991), etc.  
Substituting the definition of N in Eq. (3.1) to Eq. (3.3), a prototype vertical stress can 
also be written in terms of model as 
 ρωσ mevm hR2=  (3.7) 
where mh  is depth in the model. However, because of the variation in radius R  and the 
associated gravitational acceleration, the actual vertical stress at a given depth in the 











)(* ρωωρσ  (3.8) 
where TR  is the radius from the axis of rotation to the top of the soil model.  The error 
in centrifuge modeling arises from the difference between stress at a given depth in the 
model *vmσ  and that if the g level along the model depth or R  was constant vmσ  as 
expressed by Eq. (3.3).  
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The stress error σΔ  can thus be obtained from the difference between Eq. (3.7) and 
Eq. (3.8) as 
 ( )[ ]em2T2mT2vmvm Rh2RhR2 −−+=−=Δ ρωσσσ *  (3.9) 
From Eq. (3.9), the location of effective radius eR  within the sample thickness can be 
selected so as to minimize the error of the stress distribution as recommended by 
Cooke (1991), 
 mBe HRR ⋅−= 59.0  (3.10) 
where BR = radius to the base of the specimen and mH = specimen height. 
For most geotechnical centrifuges modeling where em RH /  is less than 0.2, the 
maximum error in the stress profile, defined as */ vmσσΔ , can be obtained by 
combining Eqs. (3.9) and (3.10). This results in an error of about 2% which is 
relatively small and can be accepted. 
3.2.3 NUS Geotechnical Centrifuge 
In this study, all experiments were performed on the NUS geotechnical centrifuge as 
schematically shown in Figure 3.1. The centrifuge mainly consists of a rotor shaft, a 
rotating arm and two swing platforms; each has a working area of 750 × 700 mm. One 
of the platforms has a clear headroom of 1290 mm to allow a model container and 
equipments to be mounted on it whereas the other platform is used for placing 
counterweights. When the platforms are fully swung up during its operation, the radial 
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distance from the center of rotation to the base of the model container is measuring 
2022 mm.   
The centrifuge is designed to have a payload capacity of 40g-tonnes with a maximum 
acceleration of 200g. A total of 100 signal rings are mounted on the top of the rotor 
shaft for signal and power transmission purposes. A twin-passage Deublin© hydraulic 
union is placed above the slip rings providing a maximum operating pressure of 70 
bars (1000 psi). In addition to the default onboard setup, some additional components 
can also be mounted onboard for specific tests. More information on the NUS 
Geotechnical Centrifuge is given in Lee et al. (1991) and Lee (1992). 
3.3 Experimental Setup 
3.3.1 Full spudcan test 
Figures 3.2 and 3.3 present photographs of the NUS geotechnical centrifuge with a full 
setup and a closer view of the model setup used in the present study respectively. In 
Figure 3.4, a schematic of the model setup for full spudcan tests is illustrated. The 
main components of the model setup for full spudcan tests comprise a specimen 
container, two loading actuators, an instrumented model full-spudcan and a set of 
sensors to measure the soil responses during the tests. Furthermore, two servo-valve 
systems to control movements of each loading actuator and a strainmeter were 
installed on the centrifuge arm, as can be seen in Figure 3.5. Details of each 
component are described in the following sections.  
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3.3.1.1 Model container and loading actuators 
The model container is a cylindrical stainless steel tube of 550-mm internal diameter 
and 500-mm high as shown in Figure 3.6. The loading frame mounted on top of the 
container is a stainless steel frame on which two double-acting hydraulic cylinders and 
the corresponding potentiometers are fixed. The first hydraulic cylinder serves as the 
main loading actuator having a stroke length of 300 mm with a piston bore of 75 mm 
diameter and a piston rod of 37.5 mm diameter. At the maximum working pressure of 
70 bars available in the NUS centrifuge, the hydraulic cylinder is capable of providing 
maximum compression and tension capacities of 40 and 23 kN respectively. The 
second cylinder with a stroke length of 250 mm and smaller piston size is provided to 
perform in-flight shear strength profiling tests. Each cylinder is coupled with a 
displacement transducer of similar stroke length to control the cylinder movement. 
Both cylinders are working individually with each controlled by a separate servo valve 
system mounted on the centrifuge arm. Since only a single hydraulic pressure supply is 
available onboard of the centrifuge, a hydraulic converter is then employed to split the 
flow to the two control lines. 
Besides the loading frame, two sets of sensors were also installed on and inside the 
container. As can be seen in Figure 3.6, a steel frame was mounted on top of the 
container consisting four 100-mm potentiometers to monitor the soil settlements and 
water level (see also Figure 3.4). On the base of the container, an aluminium frame 
was fixed to hold a set of pore pressure transducers for measuring the pore pressure 
responses beneath the spudcan during test. As shown in Figure 3.4, the frame 
comprises five 3.6-mm diameter columns of aluminium tube distributed horizontally at 
a distance of 62.5 mm (i.e. 0.5B) apart where B is the spudcan diameter. It should be 
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noted that all the pore pressure and displacement transducers were set along the center 
of the container base or aligned with the y-axis of the centrifuge platform. This was 
aimed to ensure that all pore pressure and displacement measurements were made with 
respect to the depex (lowest point) of the downward curvature of water and soil surface 
generated by the centrifuge.  
A valve is also installed adjacent to the base of container to facilitate water drainage 
during pre-consolidation at 1g and in-flight consolidation. Prior to spudcan 
penetration, the drainage valve was closed mechanically in-flight using downward 
movement of the hydraulic piston to generate a one-way drainage path. This enables a 
proper modeling of normally consolidated clay where the bottom drainage layer should 
be far beneath the spudcan. 
3.3.1.2 Model full-spudcan 
The model spudcan used in the present study was of circular shape with a diameter of 
125-mm consisting of two detachable sections to enable the replacement of pressure 
transducers, as schematically illustrated in Figure 3.7. The bottom section is made of 
aluminium alloy with a 10° underbase slope and a truncated conical tip at its center. 
The top portion of the model spudcan is a 20° conical-shaped mild steel welded to a 
290-mm long cylindrical rod. The shape of spudcan is adapted from a typical prototype 
spudcan fabricated by KeppelFELS (pers. comm.) though the modeled diameter, 
corresponds to 12.5 m in 100g, is slightly smaller than the typical prototype of 46~48 
ft (KeppelFELS, pers. comm.). The interior of the model spudcan is specifically 
designed such that four total vertical pressure transducers (two at the spudcan top and 
two at the spudcan base) and five pore pressure transducers (two at the top and three at 
the base) could be installed at various positions, as also shown in Figure 3.8.  
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At the spudcan base, a total of five slots for pore pressure transducer (PPT) are 
available at various radial distances from the central axis of the spudcan. One slot is 
located at the center of the spudcan whereas the others are situated at 0.3, 0.5, 0.7, and 
0.9 times the spudcan radius (R) from the center. The slots are basically modified 
Swagelok© fittings screwed into the lower section of the model and serve to mount and 
seal the PPTs. This is aimed to prevent water and soil from seeping through the slot 
under high bearing pressures particularly during spudcan penetration. The PPT’s tip is 
positioned as close to the spudcan base as possible though uneven PPT location is 
inevitable. As such, a correction of measured total pore pressures with respect to a 
prescribed datum line (see Figure 3.7) is required. In addition to the pore pressure 
tranducers, two total stress transducers (TST) are installed at mid-radius on the 
spudcan base. The transducers face vertically downward to measure total vertical 
pressure exerted on the spudcan base. 
On top of the spudcan, two pairs of PPTs and TSTs are installed respectively at 0.5R 
and 0.8R from the spudcan center, as shown in Figures 3.7 and 3.8. While the TSTs 
face upward, the PPTs on the spudcan top are oriented sideway. It is not possible to set 
the PPTs facing upward due to a large space required to bend the PPT cable safely. 
The measured total pore water pressure should not be affected by the inclination of the 
transducer. Figure 3.9 shows the complete model setup with the spudcan attached to 
the loading actuator.         
3.3.1.3 Sensors 
Various sensors used in the experiment are described briefly herein. Basically the 
measurements in the experiment are in terms of force, displacement, pore water 
pressure and total vertical pressure. 
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a. Potentiometer 
Midori© displacement transducers with different stroke lengths and precision up to ± 
0.1% were used to measure displacements for various functions. The movements of the 
first and the second loading actuators were controlled through the feedback from 300-
mm and 250-mm travel potentiometers respectively. Settlements of the soil were 
measured by three 100-mm potentiometers. Likewise, the water surface was monitored 
using the same kind of potentiometer by attaching its tip to a floating ball. 
b. Pore Pressure Transducer (PPT) 
Druck© PDCR-81 miniature pore pressure transducers were used to measure the total 
pore water pressures at the top and base of the spudcan as well as in the surrounding 
soils, as shown in Figure 3.10. A total of five PPTs were mounted at the spudcan with 
the same number installed in the surrounding soil. All the PPTs are of 700 kPa 
capacity with about -1 bar capacity in tension. In Appendix A, detail of calibration and 
a typical calibration chart for the pore pressure transducer is presented.   
c. Total Stress Transducer (TST) 
Two sets of Kyowa© total stress transducers of 500 kPa and 1 MPa capacities were 
employed to measure the total vertical pressure at the top and base of the spudcan, 
respectively. Though the transducer is of waterproof type, it is covered with a thin 
layer of flexible silicon glue about 0.5-mm thick to avoid water infiltration through the 
cable shaft. An example of the bare total stress transducer is shown in Figure 3.10. 
Rather than connecting to the NEC© amplifiers, the signals from the total-stress 
transducers was captured by the strainmeter mounted onboard of the centrifuge (see 
Figure 3.5). This has an advantage in that a continuous excitation can be prevented so 
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that potential temperature drift of the transducer could be minimized. Discussion on 
total stress transducer calibration procedure and its result is presented in Appendix A. 
d. Load Cell 
A Sensotec© miniature load cell with 8.2 kN capacity in both compression and tension 
was used to measure the applied vertical load to the spudcan (see Figure 3.10). As 
shown in Figure 3.4, the load cell was mounted in between the hydraulic piston tip and 
the spudcan rod so as to enable the measurement of the load transferred to the spudcan. 
Referring to the manufacturer certificate, the maximum output of the load cell is 2.02 
mV/V or corresponding to a calibration factor of 4.06 kN/V with a 10V excitation and 
100-fold amplification. A similar calibration factor was also obtained from high-g 
calibration in which the load cell was subjected to a prescribed range of loads.  
3.3.1.4 Soil specimen 
Soil specimen used throughout the tests were normally consolidated clay constituted 
from whitish Malaysia kaolin-clay powder. Several studies, e.g. Goh (2003) and 
Thanadol (2003), have investigated the properties of the kaolin used in the present 
study, as summarized in Table 3.2. 
The clay powder was mixed with water to produce clay slurry at a water content of 
120% or corresponding to 1.5 times liquid limit of the kaolin clay. The mixing process 
was carried out inside a vacuum mixer for 3 hours. Under a proper mixing process, air 
bubbles would not exist inside the slurry after mixing (see Figure 3.11a).   
After placing a 30-mm thick drainage sand layer, a set of deaired PPTs mounted in a 
frame was fixed on the center of container base. To maintain full saturation of the 
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PPTs, the container was filled with water to fully submerge the PPTs. Afterwards, the 
container was covered by a circular perspex-plate sealed by modeling material, or 
plastacine, and suction pressure was applied inside the container to saturate the sand 
layer, as shown in Figure 3.11b. 
Prior to pouring the clay slurry into the container, a layer of grease was applied to the 
inside wall of the container to reduce friction between the soil and wall. The clay 
slurry was then placed into the container under water so as to prevent air bubble from 
being trapped inside the specimen. Since the required height of slurry was greater than 
the container height, an extension tube was put on the container and clamped with 
plastacine sealing the joint. More slurry was then poured into the container until it 
reached the required level.  Afterward, the clay slurry was loaded in stages by means 
of a pneumatic jack up to a maximum surcharge pressure of 20 kPa and the process 
typically took about 1 week (Figure 3.11c). The level of surcharge pressure was 
arbitrarily selected under which the slurry would undergo preconsolidation and settle 
to a level slightly lower than the top flange of the container. In addition, this 
surcharging was also meant to create a slightly stiffer soil on the upper layer to allow 
the installation of potentiometers on the surface of the specimen. 
After the specimen had been fully pre-consolidated in 1g, the surcharge load was 
removed and then the specimen was transferred to the centrifuge platform and 
subjected to 100g self-weight consolidation. To reach about 95% degree of 
consolidation, the specimen typically had to be spun for 8 hours. In this case, the PPTs 
installed inside the specimen as well as a set of potentiometers were used to quantify 
the degree of consolidation of the specimen.  
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After in-flight soil consolidation, the centrifuge was then spun down to allow 
installation of the model spudcan and other equipments. Upon completion of the model 
setup, the specimen was reconsolidated in order to recover stress and pore water 
pressure states due to stress release in the soil during the setup process at 1g. During 
consolidation, the drainage valve at the bottom of the container was kept open to 
facilitate a two-way drainage. After a 4-hour reconsolidation, the same stress state as 
that at the end of consolidation stage can be achieved and the test was ready to 
commence. Typically the final thickness of the specimen after reconsolidation was 
about 360~370 mm.  
3.3.2 Half spudcan test 
As discussed in Chapter 1, the soil displacement patterns throughout the spudcan 
simulation will be examined. This is only possible if the spudcan is modeled as plane 
symmetry in form of half-spudcan such that the simulation is conducted with a 
transparent viewing window in front of the half-spudcan. The images of the deformed 
soil surrounding the spudcan throughout the simulation can then be captured using a 
progressive scan camera for subsequent image analysis. Figures 3.12 and 3.13 show a 
photograph and schematic of the centrifuge model setup for half spudcan tests 
respectively. Besides the basic centrifuge setup, additional main components include a 
strong box and loading actuator, a model half-spudcan and a camera.  
3.3.2.1 Model container and loading frame 
As illustrated in Figure 3.13, the soil specimen was prepared in a strong box internally 
measuring 430-mm wide, 215-mm long and 455-mm high with a front transparent 
perspex wall. The loading frame mounted on top of the strong box consists of a 
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loading actuator and the corresponding potentiometer. The center of the hydraulic 
piston was adjusted to ensure the half-spudcan face was in good contact with the inner 
side of the perspex wall (see Figure 3.12).  
3.3.2.2 Model half-spudcan and soil specimen 
The model half-spudcan was 125 mm in diameter with a 10° shallow conical underside 
profile and a 76° protruding spigot as described in Figure 3.14. The model half-
spudcan was fabricated by splitting the full spudcan along the central vertical plane. 
The rod was shifted to the center mass of the half spudcan so that only the spudcan 
body was in contact with the transparent window. The contact between the spudcan 
face and the transparent window was sealed with a 4-mm thick rubber to prevent soil 
or water ingress through the contact surface. 
As illustrated by the inset in Figure 3.14, the model half-spudcan was also 
instrumented by pressure sensors. At the base, a pair of total vertical and pore pressure 
transducers were installed at mid-radius while a total vertical pressure transducer was 
fixed at 0.8R from the center on the spudcan top (see Figure 3.13). The transducer 
cables were secured inside the cylindrical hollow rod. The pressure sensors would 
enable establishment of a link between the captured image and the measured stress at 
any given point in time. In addition, this would facilitate the comparison of measured 
spudcan stress between the full and half spudcan tests.   
The specimen was prepared in the strongbox using the same procedure as that for full 
spudcan test described in Section 3.3.1.4. At the end of high-g consolidation, the 
resulting specimen thickness was about 360~370 mm. Immediately after soil 
consolidation and centrifuge spin-down, the front wall was opened and the exposed 
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clay face was sprinkled with black and gray flocks. The flocks, which are normally 
used for landscape modeling, were added to create sufficiently unique textures on the 
otherwise plain white clay for PIV analysis purpose. As described in Chapter 2, PIV 
technique requires random and unique textures of soil patches within the images for an 
accurate analysis.  
A grid of control markers of known coordinates was attached on the inner side of the 
transparent wall. The inner side of the wall was coated with grease to reduce the 
friction between the wall and clay face during tests. Waggett (1989) reported that by 
grease type of lubricant interface friction between kaolin and perspex could be reduced 
to 2.3° and 5° for OCR = 1 and 8 respectively, where OCR = overconsolidation ratio. 
The transparent wall was then fixed back onto the strong box. About 50-mm thick of 
free water was provided on top of the soil specimen and then the half-spudcan was 
positioned right touching the soil surface as shown in Figure 3.15. The friction 
between the spudcan face and the wall was also reduced by applying grease over the 
interface. In the figure, an example of control marker and textured soil patch were 
enlarged for clarity.  
3.3.2.3 Image capturing system 
As shown in Figure 3.13, in front of the strong box, a U-shaped steel frame was fixed 
to the side wall of the centrifuge swing platform. The two corners of the cantilever 
frame were each connected through steel wire to the top part of the platform side wall 
to provide a vertical restraint. On top of the steel frame, cameras and spotlights were 
mounted. The spotlights were each mounted at the frame arm to provide uniformly 
distributed lighting across the soil specimen throughout the test. Besides the main 
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camera for image capturing, a miniature camera was also used to monitor the 
simulation.  
As shown in Figure 3.16, JAI© CV-A2 progressive scan camera coupled with a 
Tamron© lens was used to capture the soil images at various stages. This camera was 
positioned about 650 mm in front of the viewing window and centered with respect to 
the specimen area. Despite the camera’s maximum grabbing speed of 15 frames per 
second (fps), the capturing rate was set at 0.5 fps which was deemed sufficient for the 
tests. The camera was connected to a PC installed onboard of the centrifuge (see 
Figure 3.17) in which all the camera setting and data storage were made. Through a 
wireless connection, this PC was remotely controlled by another PC in the control 
room to activate image capturing in flight. Details of camera calibration are given in 
Appendix B. 
3.3.3 Data acquisition and control systems 
3.3.3.1 Data acquisition 
In the experiment, analogue signals obtained from load cell, potentiometers, and PPTs 
were transferred through the junction boxes. The signals from the junction boxes were 
then sent to the control room via the electrical slip rings described in Section 3.2. In 
the control room, all signals from PPTs and load cell were amplified 100 times and 
filtered with the built-in low-pass filter set at 10 Hz cut-off frequency by means of the 
NEC© amplifiers. After amplification, signals are fed to the DAP 3000a/11 analog to 
digital (A/D) converter before being recorded by the Dasylab© software. Throughout 
the test, the sample block was set to 100 Hz and averaged for every 100 samples 
resulting in a recording rate of 1 data per second.  
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On the other hand, the signals from TSTs and penetrometer were captured immediately 
by the strainmeter mounted on the centrifuge arm. The strainmeter was remotely 
controlled by a PC in control room via hard-wire connection through the slip rings.  
The capturing rate was set to 1 data/sec to be compatible to the recording rate of other 
sensors in the Dasylab© software. Connected directly through strainmeter, the sensors 
were not subjected to a continuous excitation but rather signal pick-up at regular 
interval. This minimizes the potential temperature drift suffered by sensors without 
temperature compensator. 
3.3.3.2 Servo-controlled loading system 
As shown in Figure 3.18, the loading system can be operated in either load or 
displacement control mode. Digital command-signals from the command PC were sent 
to the digital/analog (D/A) converter and fed to a servo amplifier in the form of 
voltage. Then, the servo amplifier generated signals to move a spool in the servo valve 
which subsequently regulated the hydraulic pressure into the actuator. The feedback 
signals in terms of either displacement or load registered by the corresponding 
transducer were sent back to the servo amplifier to form a closed-loop circuit. The 
discrepancy between the command and feedback was then synchronized by the servo 
amplifier until both were almost identical. 
The control-mode switch was enabled by means of a switch box installed between the 
servo amplifier and the digital/analog (D/A) converter. This tool served to pass 
through in-control command to the corresponding transducer from which the feedback 
was then sent back to the servo amplifier. Load control mode was used in installation 
and landing events whereas displacement control mode was employed during spudcan 
withdrawal. 
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3.3.4 Apparatus for shear strength profiling 
In the present study, two types of in-flight shear strength profiling devices, i.e. cone 
and T-bar penetrometers were adopted as shown in Figure 3.19. In the first stage of the 
study, cone penetration tests were conducted on the specimen prior to spudcan 
extraction at a large distance away the spudcan. The availability of T-bar penetrometer 
at subsequent stages of the study enabled the comparison of undrained shear strength 
of the specimens characterized using the two devices.  
3.3.4.1 Cone penetrometer 
Cone penetrometer is versatile for use in a variety of soil types and a wide range of 
expected soil resistance. It is able to provide reliable estimates of soil shear strength 
provided that a suitable cone factor is chosen. Generally, a standard cone penetrometer 
comprises a 60° tip attached to a rod with a pore pressure filter that can be situated at 
different locations surrounding the cone tip. For use in centrifuge testing, the diameter 
of miniature cone penetrometer ranges from 6.5 to 13 mm with the most common one 
being 10 mm as that used in the present study (Figure 3.19). Principally, a penetrating 
cone is able to measure the point resistance, pore pressure and shaft resistance. The 
detail studies on the use of cone penetrometers in centrifuge testing can be found in 
Stewart & Randolph (1991), Craig & Tani (1995), House et al. (2001), Randolph & 
Hope (2003), etc. 
The cone structure used in the present study is depicted in Figure 3.20a. A load cell 
installed inside the cone body is connected to the cone tip by an inner rod to measure 
the tip resistance. Four small holes serving as opening for pore water pressure 
transducer are positioned at the rear of the cone tip. The opening of 1 mm between the 
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cone shoulder and the end of the shaft sleeve was sealed by silicon glue to prevent 
water seeping into the gap. A correction factor α is therefore required to compensate 
the pressure acting on the gap. The factor may be approximated as the area ratio, i.e. 
ratio of internal to external cross-sectional area. More precisely, α should be derived 
experimentally by applying fluid pressure around the cone tip inside a chamber to 
account for the seal filling the gap.   
The total cone resistance tq  is given by 
 2ct u1qq ⋅−+= )( α  (3.11) 
where cq = measured tip resistance (measured force divided by the projected area), 
α = correction factor due to pressure acting on the back of the cone, 2u = measured 
pore pressure behind the conical tip. 
The net cone resistance cnetq  is thus obtained by subtracting the vertical overburden 
pressure voσ  from the total cone resistance tq . The undrained shear strength uc  can 







σ−=   (3.12) 
Apart from the estimate of voσ , the reliability of undrained shear strength interpreted 
from cone penetration test results mainly lies in the selection of cone factor kN  which 
is typically empirical. It is highly dependant on overconsolidation ratio and covers a 
wide range (Almeida & Parry, 1985) which may lead to inconsistent or inaccurate 
estimates of soil shear strength. The cone factor kN  is found to vary between 10~20 
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for normally consolidated clay and 15~25 for over consolidated clay (Jamiolkowski et 
al., 1988).  
With the same cone used in the present study, Arunmongkol (2004) performed a 
calibration of the cone in a closed chamber by varying the applied water pressures 
from which α of 0.51 was obtained. He also calibrated the result of the cone 
penetration test with the undrained shear strength obtained from 1g vane shear test 
conducted in the same kaolin specimen from which a cone factor kN  of 11.8 was 
derived. In the present study, the two cone parameters were therefore used in 
interpreting undrained shear strength. 
3.3.4.2 T-bar penetrometer 
Conventional penetrometer devices for use in centrifuge testing, such as cone 
penetrometer or vane shear, are subject to problem with either indirect interpretations 
and assumptions or their physical size. Therefore, it would be preferable to have an 
alternative penetrometer from which a continuous profile can be obtained and the 
results can be directly analyzed to attain the undrained shear strength. The two ideal 
features are in fact a hybrid of cone penetrometer and vane shear advantages (Stewart 
& Randolph, 1991). 
Stewart & Randolph (1991) developed the T-bar based on the above principle. As 
illustrated in Figure 3.20b, T-bar structurally comprises a lightly sand-blasted 
cylindrical cross bar attached perpendicularly to a penetrometer shaft. The projected 
area of the cross bar is normally 5~10 times the shaft cross-sectional area. The load is 
directly measured by strain gauges immediately attached behind the cross bar. In 
principle, T-bar forces the soil to flow around the cylindrical bar but minimizing the 
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volume of expansion due to insertion of the shaft so as to minimize the correction 
required for the measured resistance due to overburden stress (Watson et al., 2000). 
Though the penetrometer shaft occupies a certain area with respect to the projected 
cross-bar area, the correction for the total resistance is therefore not customary since it 
is only a small fraction (Chung & Randolph, 2004). 
Using plasticity solution for limiting pressure acting on an infinitely long cylinder 
(plane strain) moving laterally through cohesive soil, Randolph & Houlsby (1984) 
derived the interpretation for T-bar. Assuming full closure of the soil behind the 
cylinder, the T-bar resistance can be simply expressed as 
 TbaruT Ncq ⋅=  (3.13) 
where Tq = T-bar resistance (measured force divided by projected T-bar area) and 
TbarN  = T-bar factor which is a function of surface roughness of the cross bar. For 
general use, Randolph & Houlsby (1984) recommended an intermediate value of 10.5 
with an error less than ±13% between the upper and lower limits.  
T-bar practically eliminates the needs for pore pressure correction as well as 
overburden stress estimate as opposed to the use of cone penetrometer. In addition, the 
T-bar factor is theoretically well established with a high level of confidence.  
3.3.4.3 Vane shear 
In one test, vane shear test was conducted on the specimen and its result was then 
compared with those obtained from other shear strength characterization methods. The 
laboratory vane used in the present study is 12 (H) mm × 12 mm (D) in size and 
rotated constantly at approximately 10° per minute by a motorizing unit attached to the 
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hand knob of the vane apparatus shown in Figure 3.21. The test results were converted 





max=  (3.14) 
where maxT  = maximum torque and D = vane size, in this case 12 mm. 
Stewart & Randolph (2001) conducted a comparison among various ways of shear 
strength characterization for clay shown in Figure 3.22 for normally consolidated 
samples. It shows that the undrained shear strength profile obtained from T-bar 
matched that predicted from triaxial testing while the 1g vane shear test results 
exhibited lower resistances. On the other hand, the shear strength resulted from the 
cone penetration test was not as consistent which was attributed to the choice of cone 
factor. Despite its suitability for use in soft clay, T-bar is not recommended for soil 
deposits with rapid changes in strength (Stewart & Randolph, 2001). In this situation, 
cone penetrometer may give a better shear strength estimate provided a reliable cone 
factor is adopted. 
3.3.5 Properties of soil specimen 
Major properties of the normally consolidated clay will be examined in the following 
sections.  
3.3.5.1 Degree of consolidation 
Throughout the in-flight consolidation and reconsolidation, the pore pressures within 
the soil specimen were monitored using pore pressure transducers shown in Figure 3.4. 
In addition, the soil settlement and elevation of water on top of the soil were also 
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continuously recorded by potentiometers. As the positions of the PPTs were fixed and 
the elevation of free water was known from the displacement transducer with floating 
ball, the corresponding hydrostatic pressure at each PPT position can thus be identified 
from the distance between the two measurements. 
Time records of the pore pressures and soil settlement during in-flight consolidation 
are presented in Figures 3.23. The pore pressures at the two elevations and soil 
settlement appear to have stabilized after the 8-hour consolidation. The degree of 
consolidation at this stage was then determined using the Asaoka’s method (1978). 
Figure 3.24 demonstrates that the final settlement after the 8-hour consolidation 
corresponds to about 96% degree of consolidation.  
The same monitoring was carried out at the reconsolidation stage with incorporating 
the monitoring of hydrostatic pressure at each PPT level, as presented in Figure 3.25. 
At the onset of reconsolidation, swelling of the soil specimen was noted due to the 
stress release during the setup installation in 1g. However, after the 4-hour 
reconsolidation, the final soil elevation during the earlier 8-hour consolidation was 
restored. In terms of total pore pressure, the same state as that in the consolidation 
stage was also achieved after the 4-hour reconsolidation. In Figure 3.25, it is apparent 
that the excess pore pressure had nearly fully dissipated at this instance. If the pore 
pressure when the centrifuge hit the target acceleration of 100g was taken as the 
maximum excess pore pressure, the degree of consolidation at the end of 









max     (3.15) 
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where U = degree of consolidation; maxu = maximum total pore pressure generated 
during test; wu = hydrostatic pressure; and iu = total pore pressure at a given time. 
The degree of consolidation calculated from Eq. (3.15) at the two elevations of PPT 
was 95%~97%. As the final settlement in the preceding consolidation stage was 
restored by the 4-hour reconsolidation, this result is consistent with the estimated 
degree of consolidation determined from the soil settlement data discussed above.      
3.3.5.2 Water content and unit weight 
Immediately after the test, some specimens were taken from the intact soil specimen at 
various depths to determine the variations of water content and soil unit weight with 
depth. Knowing the water content, the effective unit weight of the soil can thus be 
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The water content profile presented in Figure 3.26a shows that it reduced from 72% 
near surface to 60% at the depth of 30 m (in prototype) as expected. Using Eq. (3.16) 
and the specific gravity of the kaolin clay listed in Table 3.2, the water content can be 
used to estimate the effective soil unit weight. As shown in Figure 3.26b, the effective 
unit weight increased with depth ranging from 5.4 to 6.2 kN/m3 which is within the 
typical range for soft clay. 
As the specimen were taken at 1g, it is believed that the actual water content during the 
in-flight simulation is slightly smaller associated with larger stress levels. During 
centrifuge spin-down, the soil specimen also tends to swell and absorbs some water 
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particularly those near the surface and at the bottom part above the drainage sand layer. 
This also implies that the associated unit weight is perhaps at the upper end of the 
above range. Thus, it is reasonable to assume that the average effective unit weight 
throughout the specimen depth is around 6.0 kN/m3.   
3.3.5.3 Undrained shear strength 
The undrained shear strength profile was thoroughly examined by performing in-flight 
T-bar and cone penetration tests concurrently in a specimen with a penetration rate of 3 
mm/sec. This rate was chosen to ensure undrained condition according to Eq. (3.21). 
The undrained shear strength was derived from the results of cone penetration and T-
bar tests using the parameters established in Section 3.3.4. Immediately on stopping 
the centrifuge, vane shear test was also conducted at various depths within the 
specimen.  
To complement the measured undrained shear strength, the shear strength derived from 
triaxial prediction based on Modified Cam-clay (Roscoe & Burland, 1968) was also 
incorporated using the formulas 
 Λ−Λ ⋅=′ 2OCR2
Mc
v
u )(σ  and λ
κλ −=Λ  (3.17) 
where M, κλ,  are Modified Cam-clay parameters and OCR = overconsolidation ratio. 
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The results of undrained shear strength tests are summarized in Figure 3.27. Owing to 
the placement of 20 kPa surcharge, the first 4~6 m soil became overconsolidated. It is 
apparent that the T-bar result matches the triaxial prediction well whereas the cone 
result shows a slightly poor correlation. The strengths measured from vane were lower 
than the other results for all depths. This can be attributed to the clay softening during 
centrifuge spin-down (Stewart & Randolph, 1991). It is also shown that the T-bar 
result at large depths (17 m downwards) overestimates the triaxial prediction. This may 
be caused by the soil plug in front of the cross bar being dragged down during 
penetration. As pointed out by Stewart & Randolph (1991), this soil plug may alter the 
actual geometry of bearing area. The inconsistency of the cone result with respect to 
the predicted one is possibly due to the assumption of constant effective unit weight 
assumed in the calculation. As the unit weight is supposedly increasing with depth, this 
may result in under-prediction of the shear strength at the upper part and over-
prediction at the lower part.     
3.4 Selection of Displacement Rate in Centrifuge Tests 
In centrifuge modeling, there is no unique scaling relation for displacement rate of a 
moving object within soil. As velocity is dimensionally [L]/[T] where [L] is unit length 
and [T] is unit time, a scaling factor derived for velocity is therefore dependent on the 
“type” of time selected. For example, if diffusion is the dominant phenomenon in a 
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With respect to the above velocity scaling factor, a conflict arises if the prototype 
strain rate also needs to be preserved in the model, i.e. 1/ =pm εε && . In view of this 
inconsistency, a crucial problem is present when the penetration/extraction of a footing 
or penetrometer needs to be simulated in a model under undrained conditions with the 
same strain rate as that of prototype being maintained.  
In the case of clay where diffusion is a major factor, the selection of penetration rate in 
fact determines the degree of drainage during loading. With respect to the degree of 
drainage, Finnie (1993) proposed three categories of loading: 
 Drained loading : if consolidation time is insignificant with respect to 
loading time 
 Partially-drained loading : if consolidation and loading time are of similar 
magnitude 
 Undrained loading : if loading time is sufficiently fast with respect to 
consolidation time 
Several researchers (e.g. Craig & Higham, 1985; Finnie, 1993; Finnie & Randolph, 
1994) have investigated the effect of penetration rate on fine grained soils. At very 
high rates, an increase in soil resistance will occur due to viscous effect. Likewise, due 
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to partial consolidation and the associated strengthening effect, the soil resistance will 
increase at low rates. However, there is a range that leads to a minimum resistance.  
In view of this phenomenon, to determine the degree of drainage during loading under 
a certain penetration rate, Finnie (1993) first proposed a dimensionless velocity group 
defining local drainage conditions around a spudcan as presented in Figure 3.28. The 





where v  = velocity, B = appropriate length dimension, in this case diameter of the 
penetrometer, and vc = coefficient of consolidation. All dimensions in the expression 
are in model scale.  
As shown in Figure 3.28, a transition region exists below which a drained condition 
occurs and above which an undrained condition prevails. As it was only applicable in 
sand and silt, this study was then further extended for clay using cone penetrometer, T-
bar, or spudcan by several researchers (e.g. Watson & Suemasa, 2000; House et al., 
2001; Randolph & Hope, 2004; and Barboza-Cruz & Randolph, 2005). The resulting 
backbone curves compiled in Figure 3.29 show that for various shapes of 
penetrometer, general limits of drainage degree exist. Referring to the figure, it can be 
concluded that if vcvB /  is below 0.01, drained behavior governs while undrained 
behavior dominates if vcvB /  is above 10.  
Rattley et al. (2005) studied the effect of uplift rate of a plate anchor in clay in which 
the experimental results were verified with numerical simulations. Figure 3.30 shows 
that the uplift resistance increases with pullout velocity. The lower resistance at a low 
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uplift rate is attributed to the dissipation of suction developed at the anchor base. 
Interestingly, after normalizing the pullout velocity with the anchor width and 
coefficient of consolidation vc  of the soil used in the study, the backbone curve shows 
that the drained and undrained regions fall within the same range as that for 
penetration (see Figure 3.29). This confirms that the above range of vcvB /  is valid for 
both penetration and extraction.  
As will be discussed later, in order to preserve undrained condition, the selection of 
spudcan penetration and extraction rates would be made according to the above 
dimensionless velocity group and the proposed range for undrained region. 
3.5 Experimental Procedures 
In this study, all centrifuge tests were performed in an acceleration field of 100g and 
hence the model spudcan corresponds to a prototype diameter of 12.5 m. After the 4-
hour soil reconsolidation, the spudcan was moved down until the tip just touched the 
soil surface. Displacement-control mode was adopted to accurately position the model 
to the so-called “zero-penetration level” prior to the simulation.     
The simulation mainly consists of three stages, i.e. installation, waiting period, and 
extraction as schematically illustrated in Figure 3.31.  
3.5.1 Installation of spudcan 
As described in Chapter 1, installation of jack-up legs in the field was carried out by 
means of water ballast to allow penetration of the spudcans into the seabed soil until 
the load is equilibrated by the soil bearing resistance. The maximum preload is then 
maintained for a minimum duration of 2~4 hours (Young et al., 1984) until no further 
Chapter 3  Experimental Setup and Procedures 
  94 
significant settlement is observed. Under normal conditions, this process is typically 
completed within 24~36 hours (KeppelFELS, 2003). In view of the low permeability 
of typical marine clay, the whole process of spudcan installation can be considered 
essentially as a load-controlled penetration under undrained condition.  
In the present study, such a loading mechanism was simulated by jacking down the 
spudcan under a load-control mode to a prescribed level within the soil. The loading 
rate of 1 kPa/sec (model scale) was adopted and for penetration in normally 
consolidated soil, this is roughly equivalent to a displacement rate of 1.6~2.0 mm/sec 
(model scale) which is sufficiently fast to preserve undrained condition according to 
Eq. (3.21). To position the spudcan close to the target penetration depth, the 
installation was carried out in three stages with about 30 seconds (model time) interval 
between two stages. This slight delay will allow the command and feedback to fully 
synchronize.    
Throughout the experiment, the penetration depth was fixed at 1.5 times the spudcan 
diameter or about 190 mm below the soil surface. When the spudcan was about to 
reach the target depth, the corresponding command was maintained and thus leading to 
a constant load acting on the spudcan. This was translated to deceleration of the 
penetrating spudcan which finally stopped around the target depth. The corresponding 
maximum load is termed maximum installation load hereafter. 
After the completion of spudcan penetration (typically took about 60 seconds in model 
time), the vertical load acting on the spudcan was unloaded by a certain percentage of 
the maximum preload and maintained. This point initiated the subsequent stage of the 
simulation, namely waiting period.                 
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3.5.2 Waiting period 
The actual operational period of a jack-up is typically characterized by the spudcans 
being subjected to a combination of cyclic environmental loads. Owing to the 
complexity due to the cyclic loading, it was not modeled in the present study. Instead, 
it was simplified by maintaining a static vertical load on the spudcan for a certain 
period and called “waiting period” hereafter.  
In the simulation, waiting period was initiated right after the maximum installation 
load was reduced to a prescribed level of maintained vertical load. In the present study, 
the ratio of maintained vertical load over maximum installation load of 0.75 was 
adopted for most tests though a parametric study on the level of maintained vertical 
load was also carried out.  
In practice, the preload (operational light ship weight + water ballast) is typically twice 
as much the gravity load, i.e. operational light ship weight plus variable load. The 
environmental load, e.g. combination of wind, wave and current forces, contributes 
additional vertical loads on the spudcan up to 50% of the gravity load (McClelland et 
al., 1981; Baglioni et al., 1982; Kee & Ims, 1984). In view of this typical practice, in 
the present study it is therefore reasonable to adopt a ratio of maintained vertical load 
over maximum installation load of 0.75 as a representative of the vertical load acting 
on the spudcan during waiting period though cyclic loading was not simulated. 
A jack-up rig may operate in a site from a very short period to 5 years (KeppelFELS, 
pers. comm.). In the present study, the waiting period was varied from a very short 
period, or literally an immediate extraction case, to about 2 hours (in model time). 
Considering that soil consolidation is the dominant phenomenon during the waiting 
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period, the time relation between model and prototype is hence 1: 2N where N is 
centrifuge acceleration. This implies that the 2-hour waiting period in the model 
corresponds to a prototype waiting period of about 2.3 years. After this relatively long 
waiting period, much of the excess pore water pressure around the spudcan would have 
fully dissipated. Hence, a longer waiting period was not simulated in the present study 
as it is not expected to make a significant difference, as will be elaborated in Chapter 
4.     
3.5.3 Extraction of spudcan      
Upon completion of a drilling operation at a site, the spudcan is withdrawn by jacking 
down the jack-up unit so that the resulting buoyant force could apply tension to the 
legs. Typically, the unit is lowered down with a rate of 1.5 ft/min or about 7 mm/sec.  
In the experiment, the extraction process was simulated by first releasing the 
compressive load on the spudcan. Subsequently, the load-control mode was switched 
to displacement-control mode to initiate a continuous upward movement. A smooth 
process of the control-mode switching can be done by knowing precisely the suitable 
command to maintain the position of the spudcan after releasing the compressive load. 
The extraction of the spudcan was then carried out at an uplift rate of 1 mm/s (model 
scale).  
As in the case of penetration, the selected uplift rate ensures undrained condition 
during extraction. The uplift rate was determined according to the velocity group first 
proposed by Finnie (1993) as expressed in Eq. (3.21). Substituting the diameter of the 
model spudcan B = 125 mm, consolidation coefficient vc = 40 m
2/year, and uplift rate 
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v = 1 mm/sec adopted in the present study, the corresponding velocity group according 





vB   
The value of vcvB / = 99 is far above the limit for undrained condition and therefore 
the displacement rate of 1 mm/sec would be able to preserve undrained condition 
during the spudcan extraction (see Figures 3.29 and 3.30). This also suggests that the 
loading rate adopted in the spudcan penetration, which is roughly equivalent to a 
displacement rate of 1.6~2.0 mm/sec (model time), is within the undrained region.                             
3.6 Summary 
Centrifuge modeling enables the spudcan operation to be properly simulated in the 
present study. Two sets of apparatus for full spudcan and half-spudcan tests have been 
developed for centrifuge tests of a single-spudcan operation in normally consolidated 
clay specimen. The model full and half spudcans were extensively instrumented to 
allow continuous stress measurement at the top and base of the spudcan. A progressive 
scan camera and an image processing system were adopted to investigate the soil 
movement patterns around the half-spudcan. In addition, the model setup was 
equipped with in-flight penetrometer to characterize the undrained shear strength of the 
specimen and its change associated with the spudcan operations. The experimental 
procedures have also been designed to closely simulate an idealized condition of 
spudcan operations in the field despite some simplifications made in the experiment. 
The penetration and extraction rates have been selected to ensure undrained conditions 
prevail during the testing events. The adopted displacement measurement technique 
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will also facilitate an accurate observation of the soil movement patterns associated 
with the spudcan operation simulated in the half-spudcan tests.  
The experimental setup and procedures established in the present study are believed to 
facilitate a thorough investigation into the spudcan extraction problem in soft clay and 
provide a fundamental understanding of this issue. 
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Table 3. 1  Centrifuge scaling relations (after Leung et al., 1991) 
 
Parameter Prototype Centrifuge model at Ng 
Linear dimension 1 1/N 
Area 1 1/ 2N  
Volume 1 1/ 3N  
Density 1 1 
Mass 1 1/ 3N  
Acceleration 1 N 
Velocity 1 1 
Displacement 1 1/N 
Strain 1 1 
Energy Density 1 1 
Energy 1 1/ 3N  
Stress 1 1 
Force 1 1/ 2N  
Time (diffusion) 1 1/ 2N  
Time (dynamic) 1 1/N 
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Table 3. 2  Properties of Malaysian kaolin clay (after Goh, 2003) 
 
Parameter Unit Value 
Liquid limit, LL % 80 
Plastic limit, PL % 35 
Specific gravity, Gs - 2.60 
Coefficient of consolidation (at 100 kPa), vc  m
2/year 40 
Coefficient of permeability (at 100 kPa), k m/sec 2.0 x 10-8 
Angle of internal friction, φ′  ° 23 
Particle size* μm 3.0~5.5 
Modified Cam-clay parameters : 
   M 
   λ 
   κ 
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Figure 3. 3  Centrifuge model setup for full spudcan test 
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Figure 3. 4  Schematic of full spudcan test model setup 
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Figure 3. 11  Sample preparation process: (a) clay mixing, (b) drainage layer saturation, and 
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Figure 3. 13  Schematic of half-spudcan test model setup  
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          (a)                         (b) 
Figure 3. 20  Schematic of cone and T-bar penetrometers (after Stewart, 1992)  
 
T-bar Cone penetrometer 
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Figure 3. 22  Comparison of T-bar, cone penetrometer, vane shear and triaxial prediction for 
shear strength of normally consolidated clay (after Stewart & Randolph, 1991) 
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Figure 3. 24  Prediction of ultimate settlement using Asaoka’s method 
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(a)      (b) 
Figure 3. 26  Profile of water content and estimated effective unit weight of soil sample 
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Figure 3. 29  Effect of penetration rate on penetrometers resistance in clay                              
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Figure 3. 30  Effect of uplift rate on uplift resistance of plate anchors in clay                           






installation waiting period extraction
Q









Figure 3. 31  Typical spudcan simulation procedure 
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ASSESSMENT OF BREAKOUT FORCE           
AND ITS CONTRIBUTING FACTORS 
 
4.1 Introduction 
In view of the lack of solutions to the breakout capacity of embedded spudcans, the 
first step in the present study was to quantify the breakout force and its contributing 
factors specifically for the extraction of a spudcan embedded 1.5 times diameter deep 
in normally consolidated soft clay. In this first stage, it was postulated in a priori that 
the waiting period of the spudcan and the associated level of maintained vertical load 
during the waiting period are of major influences on the resulting breakout force. 
Hence, two series of centrifuge tests were designed to investigate the effect of each 
presumed contributing factor.  
Tables 4.1 and 4.2 summarize the experimental programs for investigating the effects 
of waiting period and maintained vertical load respectively. In the latter, the 
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maintained vertical load Q was varied and set with respect to the associated maximum 
installation load oQ . In Table 4.1, Tests GS1 to GS6 were performed by varying the 
waiting period from a very short period, denoting immediate extraction, to 122 minutes 
(in model time) while the maintained vertical load was fixed at 75% of the maximum 
installation load. Considering that soil consolidation is the dominant process during the 
waiting period, the equivalent prototype waiting period thus ranges from less than 1 
day to 843 days (28.1 months). Two other tests (Tests GS5A and GS5B) were 
conducted and the results were compared with that of Test GS5 to examine the effect 
of maintained vertical load with a constant waiting period, as given in Table 4.2. In 
this second set of experiments, the maintained vertical load was fixed at 0.25, 0.50, and 
0.75 times the maximum installation load while the associated waiting period was set 
to be about 420 days for all the tests.  
Figure 4.1 illustrates schematically a layout of the complete model setup with the 
model spudcan having been installed to its target depth. As explained in Chapter 3, the 
model spudcan was extensively instrumented with total pressure and pore pressure 
transducers. In addition, the soil sample was instrumented with a set of pore pressure 
transducers installed at various locations within the soil beneath the spudcan and 
several displacement transducers placed on the surface. The discussions in the 
following sections refer to the transducer labels given in Figure 4.1. The details of the 
experimental simulation procedure have been presented in Chapter 3. All the tests in 
the present study were conducted at 100g acceleration field and hence the model 
spudcan corresponds to a prototype spudcan of 12.5 m diameter with a 19 m 
penetration depth. Unless otherwise stated, all test results are presented in prototype 
scale hereafter.  
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4.2 Typical Test Results            
Test GS5 is used as an illustrative example to present the results of a typical test in 
detail. In this test, the maintained vertical load was set to be 75% of the maximum 
installation load and maintained for 423 days.  
4.2.1 Load-displacement response 
Figure 4.2 shows a typical shape of load-displacement response throughout the entire 
simulation process involving (1) installation, (2) waiting period, and (3) extraction in 
Test GS5. It should be noted that the load presented in Figure 4.2 is the net vertical 
load, i.e. exclusive of submerged weight of spudcan. In the figure, the installation 
process is denoted by Point A to Point B where a compressive load of 32.4 MN was 
mobilized to jack the spudcan down to the target penetration depth of 19.0 m. This 
load denotes the maximum installation load. The net vertical load applied to the 
spudcan was then reduced to 24 MN (about 75% of the maximum installation load) 
and maintained, as denoted by Point B to Point C. At this stage, the 423-day waiting 
period was initiated. A further spudcan settlement of around 0.35 m was noted (Point 
C to Point D) during the waiting period.  
At the end of waiting period (Point D), the maintained vertical load applied to the 
spudcan was released and a continuous upward movement was immediately applied to 
extract the spudcan at a constant rate of 1 mm/sec (in model scale). It is evident in 
Figure 4.2 that a tensile load on the spudcan was mobilized instantaneously and 
reached the maximum at 31.3 MN (Point E) after an uplift displacement of 1.9 m, or 
about 15% of the spudcan diameter. This ultimate uplift resistance is termed breakout 
force of the spudcan. Upon further extraction, the uplift resistance depleted gradually 
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(Point E to Point F). A sudden drop of the residual uplift resistance was observed when 
the spudcan reached a level around 3 m below the initial soil surface (Point F). This 
indicates that the soil surface directly above the spudcan may have settled by about 3 
m due to disturbances during the spudcan installation and consolidation of the top soil 
throughout the waiting period. This phenomenon will be further examined in Chapter 5 
through a visualization of the soil displacements at various spudcan simulation stages.  
Upon complete withdrawal of the spudcan, a mass of relatively stiff clay, measuring 
about 4 MN in weight, was stuck to the top of the spudcan as shown in Figure 4.3. 
This is similar to that commonly observed in the field (KeppelFELS, pers. comm.) 
where a big lump of soil (typically around 0.4 times spudcan diameter in height) is 
brought along with the spudcan upon its complete withdrawal. In the figure, it is also 
noted that after extraction, soil cracks of about two times spudcan diameter were 
observed at the soil surface marking a footprint periphery left by the extracted 
spudcan. This surface tension-crack is likely to occur during centrifuge spin-down on 
which parts of the soil having low shear strengths, particularly those near surface, 
could not sustain the lateral stress reductions associated with the reducing g-level. The 
crack may also delineate the interface between the “less disturbed” and heavily 
disturbed zones caused by the spudcan installation and extraction process. 
4.2.2 Soil surface movement 
The result of soil-surface monitoring presented in this section is aimed at giving a 
general insight into the behavior of soil-surface displacement throughout the 
simulation based on three surface-displacement measurement points. It should be noted 
that a far more comprehensive interpretation obtained using an accurate measurement 
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technique will be presented in Chapter 5. Only the result of Test GS5 are presented 
here, as a similar displacement behavior was also observed in the other tests.  
As shown in Figure 4.1, a total of three displacement transducers were installed at 0.5 
(D1), 1.5 (D2) and 2.5 (D3) times the spudcan radius (R) from the edge of the spudcan. 
From the monitoring results shown in Figure 4.4, minor ground heave at all the three 
locations were noticed during the initial phase of installation. This suggests that the 
installation is accompanied by local shear failures which are commonly characterized 
by slight upward movements of the surrounding soils at the initial phase of penetration. 
After about 6 m penetration, at 0.5R from the spudcan edge (D1) the ground started to 
settle and resulted in about 1 m settlement at the end of installation. The soil 
consolidation during the subsequent 423-day waiting period generated an additional 1 
m displacement giving a total settlement of 2 m at location D1. Considering that the 
soil surface settlement was observed to decay exponentially with increasing distance 
away from the spudcan, it is likely that the soil settlement was even more in the area 
immediately above the spudcan. 
At the onset of extraction, there had been no significant ground settlement observed at 
location D1 until the breakout force was achieved. On the other hand, at the other two 
locations (D2, D3), soil settlements were registered from the onset of extraction. The 
soil settlement behavior during extraction suggests that the soil beside the spudcan 
moves downward toward the spudcan base as it is lifted.  
4.2.3 Stress state during installation   
Variations in total vertical pressure and pore pressure at the top and base of the 
spudcan as well as total pore pressures in the soil beneath the spudcan during 
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installation are presented in Figures 4.5 to 4.7 respectively. In Figure 4.5, it is evident 
that after 6 m spudcan penetration, all of the total vertical pressure and pore pressure 
readings at the top of the spudcan started to deviate and became larger than the 
hydrostatic value with an increase almost linearly with depth. This transition point may 
indicate a stage where a cavity wall left by the penetrating spudcan collapses toward 
the top of the spudcan or the remolded soil starts to flow plastically from the bottom to 
the top of the spudcan. During installation, the total vertical pressure and pore pressure 
representing the stress state of the back-flow soil immediately on top of the spudcan 
were of similar magnitude. This observation illustrates that the installation creates 
significant soil remolding with the back-flow soil immediately on top of the spudcan 
experiencing considerably little effective stress. As also postulated by Vesic  (1971), 
the soil remolding above a penetrating object may form a zone of weakness which in 
turn may change the shape of slip plane during the extraction despite regaining some 
strength during the operational period. In Chapter 5, this observation will be further 
investigated by revealing the soil displacement pattern. A series of T-bar tests were 
also performed above the spudcan to obtain the shear strength profile at several stages 
in the simulation which will be presented in Chapter 7. 
Based on the readings of total pressure transducers T1 (located close to spudcan edge) 
and T2 (mid-way between spudcan centre and edge), a total vertical pressure of about 
270 kPa was recorded on the spudcan top at the end of installation (Figure 4.5a). 
Subtracting the hydrostatic pressure of 195 kPa from the total vertical pressure at the 
spudcan top level, the remaining 75 kPa could be reasonably taken as the average 
stress on the top side of the spudcan consisting of effective weight of the soil and the 
installation-induced excess pore pressure in the soil immediately above the spudcan. 
Assuming that the excess pore pressure had been fully dissipated and a depression of 
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an average 3-m deep was formed immediately above the spudcan at the end of waiting 
period, the average effective unit weight of the soil above the spudcan could thus be 
predicted as about 5.5 kN/m3 for an estimated 13.5~14 m high of soil column above 
the spudcan. It should be noted that the reference level for all stress measurements on 
the spudcan top was at the midpoint of the sloping top side as illustrated in Figure 3.7. 
This value is lower than the average undisturbed value of 6 kN/m3. Apart from the 
possibility of inaccurate estimate of the soil column height, the lower value of 
estimated effective unit weight may also be attributed to the soil remolding above the 
spudcan.  
On the other hand, the total vertical pressure and pore pressure changes at the base of 
the spudcan are more complex as the base was in direct contact with the underlying 
soil during installation. The pressure magnitudes shown in Figure 4.6 are considerably 
larger than those at the top of the spudcan. From the readings of T3 and T4 (both 
located mid-way between the spudcan centre and edge), an average total vertical 
pressure of 520 kPa was registered on the base of the spudcan at the target penetration 
depth. This magnitude is fairly close to the sum of the net soil bearing capacity of 265 
kPa at the end of installation (being installation load of 32.4 MN divided by plan area 
of spudcan) and the total vertical pressure of 270 kPa acting at the top of the spudcan 
minus the average hydrostatic pressure differential of 20 kPa between the top and base 
of the spudcan.  
In Figure 4.6, the responses of pore pressure transducers P3 (located mid-way between 
spudcan centre and edge), P4 (at spudcan centre) and P5 (close to spudcan edge) reveal 
that large excess pore pressures developed at the spudcan base during installation. The 
excess pore pressure was noted to peak at the spudcan centre and decreased radially 
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outwards. At the end of installation, the pore pressure at the spudcan centre was about 
50 kPa higher than that at the edge.  
Figure 4.7 depicts the development of pore pressure in the soil at various radial 
distances from the spudcan centerline at two elevations (see Figure 4.1 for the location 
of transducers). Since the pore pressure transducers positions were fixed, at the end of 
installation, they were located at distances of B/2 and B below the spudcan base level 
where B is spudcan diameter. The array of pore pressure transducers located at a depth 
of 25 m (P6, P7, P8) started to register excess pore pressure right after the spudcan 
penetrated into the soil. Similar to the pore pressure responses at the base of the 
spudcan, the pore pressure was the highest beneath the spudcan centre and depleted 
radially outwards. On the other hand, the transducers located at a greater depth of 31.3 
m (P9, P10) began to register excess pore pressure after the spudcan had penetrated as 
deep as 8 m into the soil. The magnitudes of the excess pore pressures at this level 
were considerably smaller than those recorded at a depth of 25 m. This could be an 
indication that the major stress-influence zone during penetration only extends to a 
distance of B/2 below the spudcan base.  
Owing to space constraint in the model spudcan, the elevation of the transducers was 
slightly different. Hence, a slight adjustment was made with respect to the reference 
line for stress measurement at the top and base of the spudcan shown in Figure 3.7. In 
addition, in view of the limited number of stress measurement points, the average 
pressure over the spudcan plan area was determined by integrating pressure readings of 
the transducers over the respective circular area representative of each transducer after 
adjustment for the difference in the elevations of transducers. This weighing method 
applies to all average values mentioned in subsequent discussions.  
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In order to check the validity of the measured stresses, a force equilibrium check was 
performed. As the spudcan geometry and the applied load are axially symmetric, the 
force equilibrium check in the horizontal direction is hence not required. The 
equilibrium of vertical forces during penetration was evaluated by comparing the 
upward stresses and the downward stresses acting on the spudcan, as schematically 
illustrated in Figure 4.8. Since the spudcan penetration causes continuous bearing 
failure of the underlying soil, equilibrium can thus be expressed by the following 
conventional bearing capacity formula where an additional term shq  is added to 
account for the adhesion or shear stress induced over the spudcan body, 
 2211shcu DDqNcAWq γγ ′−′++=′+ /  (4.1) 
where q  = net vertical stress or applied net vertical load in the installation (Q ) divided 
by projected spudcan area (A); W ′  = submerged weight of spudcan; uc = undrained 
shear strength at spudcan base level; shq  = adhesion; 1γ ′  = submerged unit weight of 
soil beside the spudcan projection, 1D  = distance from soil surface to spudcan base; 
2γ ′  = submerged unit weight of soil directly above spudcan; 2D  = distance from soil 
surface to spudcan top. Rearranging Eq. (4.1), the experimental measurements on the 
two sides of the spudcan can be directly used to check the equilibrium of forces in the 
vertical direction as follows, 
  sh1w11cu2w22 qDDNcDDAWq +−+=−+′+ )()(/ γγγγ  (4.2a) 
 sh11cu21w22 qDNcDDDAWq ++=−++′+ γγγ )(/  (4.2b) 
                         1                   2                     3                           4               5  
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In the above equation, the terms can be regrouped into five components to match the 
experimental measurements.  Term 1 is obtained from the load cell reading divided by 
the projected spudcan area; Term 2 is the average reading of the two total vertical 
pressure transducers at the top; and Term 4 is the average reading of the the two total 
vertical pressure transducers at the base. It should be noted that the initial load cell 
reading has been zero offset with respect to the submerged weight of spudcan. 
Therefore, the subsequent response divided by the projected spudcan area reflects net 
vertical stress or q . Term 3 is actually the hydrostatic pressure differential above and 
below the footing or equals to the water unit weight wγ  times the equivalent thickness 
of the footing, in this case 21 DDd −=  = 2.0 m (see Figure 3.7). The vertical 
component of shear stress, represented by Term 5, is assumed negligible a priori. This 
is based on the postulation that when the soil flows plastically over the spudcan surface 
the induced shear stress is of minor value. This assumption will be verified in the later 
stage. 
Figure 4.9 plots the stresses formulated in Eq. (4.2b) with respect to experimental time 
during the installation process namely (1) net applied vertical stress represented by 
Term 1, (2) average total vertical pressure at the spudcan top represented by Term 2, 
and (3) average total vertical pressure at the spudcan base represented by Term 4 or 
literally the right-hand-side term after neglecting Term 5. In addition, the sum of all 
terms in the left hand side of Eq. (4.2b) is also incorporated in the plot. It is interesting 
to note that the total sum of the left-hand-side terms equals the term on the other side. 
This clearly indicates that the equilibrium in vertical direction during the installation is 
satisfied despite shq  being neglected and the average total vertical pressure at midway 
radius being taken as a representative of that over the spudcan base. This implies that 
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in this particular case the assumption of negligible shq  during installation is justified. 
However, an imbalance appeared immediately after the spudcan penetration was halted 
with a constant vertical load being maintained. This discrepancy may be attributed to 
the development of shear stress over the spudcan base associated with development of 
effective stress as a result of dissipation of pore pressure when the soil stops flowing 
plastically from the base to the top of spudcan.   
Figure 4.9 also reveals the response of the average total pore pressure compared to the 
total vertical pressure at the spudcan base. It is apparent that the total pore pressure at 
the spudcan base was reasonably close to the total vertical pressure during the 
continuous penetration. This is likely corresponding to the stress state of plastic soil 
flowing below the spudcan. It is believed that this soil is heavily disturbed and the 
plastic state implies that the change in total stress is equal to the changes in pore 
pressures at the interface soil directly beneath the spudcan. This reading also suggests 
that by applying a loading rate of 1 kPa/sec for the installation, an undrained loading 
condition can be produced, at least within the underlying soil near the spudcan base. 
When the penetration was halted under a constant total vertical pressure, the pore 
pressures gradually dissipated as shown by the stress state at the spudcan base at the 
end of installation in Figure 4.9. 
4.2.4 Stress state during waiting period 
During the waiting period where a constant vertical load was being maintained, the 
total vertical pressure at the top and base of the spudcan were relatively constant at 270 
kPa and 450 kPa, respectively. Hence, in the following discussion the focus is on the 
dissipation of pore pressures at various locations on the top and the base of spudcan as 
well as those in the soil beneath the spudcan, as presented in Figure 4.10. The initial 
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excess pore pressures shown in the figure are those at the stage immediately after the 
unloading of the spudcan to the prescribed level of maintained vertical load or 
corresponding to Point C in Figure 4.2. It should be noted that the excess pore pressure 
at each transducer location is determined with respect to the corresponding hydrostatic 
pressure at the respective transducer (see Figure 3.7).  
Above the spudcan, the soil underwent reconsolidation under its self weight due to the 
remolding process during installation. In this respect, the excess pore pressure directly 
on top of the spudcan started to dissipate gradually after around 30 days of waiting 
period. Despite the excess pore pressure at the edge of spudcan (P2) being 15 kPa 
larger than that at the mid-radius (P1, at half-way between edge and centre), both 
excess pore pressures dissipated considerably at about the same rate. Given the 
constant total vertical stress acting on the spudcan base, the significant pore pressure 
dissipation starting from the 30th day onward implies that the top soil was regaining its 
effective stress. 
In Figure 4.10 it can be seen that below the spudcan major excess pore pressures 
existed over a depth of B/2 immediately below the spudcan (P3, P4, P5, P7, P8). At 
other locations (P6, P9, P10), the smaller excess pore pressure magnitudes reflect that 
this area is beyond the major influence zone. Figure 4.10 also shows that a large degree 
of the installation-induced excess pore pressure below the spudcan base had dissipated 
over the 423-day waiting period.  In terms of dissipation rate of the excess pore 
pressure, the rate at the spudcan base is the highest. At lower depths within the 
underlying soil, the rate become slower as the drainage path is longer. It should be 
noted that the bottom drainage valve was closed during the simulation and as such the 
consolidation path was a one-way drainage system. 
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At the end of the waiting period, the remaining excess pore pressures at the base of the 
spudcan recorded at the measurement points were of similar magnitude ranging about 
30~40 kPa. Considering the relatively high permeability of the kaolin clay used in the 
present study compared to other types of clay, this duration of waiting period produced 
a significant degree of consolidation at the spudcan base. Hence, it is prudent to 
assume that the 423-day waiting period corresponds to a simulation of a long term 
case.  
A slight change of total vertical pressures at the top of the spudcan measuring around 5 
kPa was observed at the end of waiting period. This can be attributed to the gradual 
evaporation of surface water during centrifuge spinning. It was observed that the water 
level obtained from the floating ball (D4 in Figure 4.1) dropped by around 5 mm in 
model scale (for 1 hour spinning) or equivalent to around 5 kPa of water pressure in 
prototype. As for the slight drop of total vertical pressure at the spudcan base, besides 
water evaporation, it is believed that the applied pressure at the spudcan base was 
partially transmitted to shear stress as effective stress developed at the spudcan base. 
Under the constant applied vertical pressure at the spudcan base, the measured vertical 
component of stress was thus reduced as the shear stress developed. 
4.2.5 Stress state during extraction 
The state of stress at the end of waiting period changed drastically upon extraction, as 
shown in Figures 4.11 to 4.13. At the spudcan top (see Figure 4.11), the extraction 
created a sudden increase in total vertical pressure and pore pressure that reached their 
maximum values after 1 m upward displacement. Under the model uplift rate of 1 
mm/sec adopted in this study, the rises in total vertical pressure and pore pressure from 
the onset of extraction to the breakout point were of similar magnitude. This signifies 
Chapter 4  Assessment of Breakout Force and Its Contributing Factors 
 132 
that undrained loading condition at the spudcan top should reasonably be preserved 
under this uplift rate.  
In Figure 4.12, the total vertical pressure at the spudcan base at the end of waiting 
period was around 220 kPa in excess of hydrostatic pressure while the total pore 
pressure was 30 kPa larger than the hydrostatic pressure. Immediately after the 
spudcan unloading and the subsequent uplift displacement, both total vertical pressure 
and pore pressure rapidly decreased and fell below the hydrostatic pressure. At this 
stage, the negative excess pore pressure was the greatest at the centre and distinctly 
decayed radially outwards. Upon peaking slightly later than the breakout failure, the 
total pore pressures remained nearly constant (indicated by the vertical plateau in the 
curve) as the spudcan moved further upward for some distance. Upon further upward 
movements, the suction broke down and the total pore pressures resumed toward the 
hydrostatic pressure. 
One possible reason for the smaller extraction-induced negative excess pore pressure at 
points closer to the spudcan edge is the faster dissipation associated with shorter 
drainage paths. Moreover, the negative excess pore pressure at points adjacent to the 
spudcan edge could be easily compensated by the extraction-induced positive excess 
pore pressure at the spudcan top with a shorter drainage path. This may account for the 
fact that the suction breakdown propagated from the spudcan periphery inwards. In this 
respect, Craig & Chua (1990b) postulated that the drop in uplift resistance upon 
breakout could be caused by water entering the interface between the soil and the 
spudcan when the adhesive bond or suction at the interface is overcome. They also 
pointed out that in this situation, the soil may remain undrained despite water being 
able to enter the interface. Supporting this postulation, the experimental observation 
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suggests that during extraction water may gradually enter from the spudcan periphery 
indicated by the faster dissipation of excess pore pressure at the spudcan edge. As to 
whether a gap or cavity was formed below the spudcan when the breakout occurred, 
the observation from a further investigation will be reported in Chapter 5. This also 
includes a possibility of cavitation occurring at the spudcan base during extraction.   
As in the case of installation, the pore pressures in the soil during extraction 
experienced the biggest change within a zone of B/2 deep directly below the spudcan 
(P7, P8), as shown in Figure 4.13. At other locations (P6, P9, P10), the magnitude of 
extraction-induced negative excess pore pressures were considerably smaller.  
To illustrate the development of excess pore pressure during extraction clearly, a more 
detailed pore pressure monitoring with respect to experimental time is presented in 
Figure 4.14. At the spudcan top, the pore pressures at both locations (P1, P2) 
responded similarly under extraction. The extraction-induced positive excess pore 
pressure of around 45 kPa was found to be similar to the change in total vertical 
pressure.  It is also interesting to note that the maximum negative excess pore pressure 
at the spudcan base (P4, P5) and a distance of B/2 directly below the spudcan (P8, P7) 
were of the same magnitude and radial distribution. In other words, the magnitude at 
P4 is identical to that at P8 while P5 reading corresponds to that of P7. Despite the 
magnitude similarity, the maximum suction in the soil took place before the breakout 
failure or after around 0.6 m of uplift displacement. Conversely, the maximum suction 
at spudcan base occurred right after the breakout force was reached.    
Figure 4.15 shows the response of the total vertical pressure (T3, T4) and pore pressure 
(P3) transducers both located at mid-radius of the spudcan base as well as the net 
vertical load around the onset of extraction. It is revealed that at the onset of extraction, 
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the pore pressure reduced slightly while the total vertical pressure dropped 
significantly. This may indicate that the soil behavior is still predominantly elastic in 
response to the unloading process. When the net vertical load was reduced to zero, the 
pore pressure at the spudcan base registered the hydrostatic value. Interestingly, as the 
following uplift displacement was initiated, the total vertical pressure and pore 
pressure were getting closer and found to be of similar magnitude when the breakout 
force was achieved. This suggests that under undrained condition, the uplift pressure at 
the base of an embedded object is translated mainly to the soil by pore pressure 
changes rather than changes in effective stress (Byrne & Finn, 1978). The similarity 
between total vertical pressure and total pore pressure at the spudcan base at breakout 
also implies that the effective stress is considerably small. In this instance, in 
connection to the postulation of Craig & Chua (1990b) discussed previously, it is also 
possible that the contact stress at the spudcan base when breakout takes place is 
essentially water pressure.  
4.3 Parametric Studies 
4.3.1 Effect of waiting period 
Tests GS1 to GS6 were conducted to examine the effect of waiting period (ranging 
from 1 day to 843 days as shown in Table 4.1) on the behavior of uplift resistance of 
spudcan during extraction. In this set of experiments, the maintained vertical load Q 
was fixed at 75% of the associated maximum installation load oQ  at the target 
penetration depth of about 19 m. 
The load-displacement response for Tests GS2 to GS6 during the spudcan installation 
was similar. Test GS1 had a slightly different response as the spudcan was installed 
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using displacement control to facilitate immediate extraction at the end of installation. 
Table 4.1 shows that the penetration resistance ranges from 30.9 to 33.7 MN while the 
penetration depth ranges from 18.1 to 19.0 m (1.4~1.5 times spudcan diameter). The 
above variations can be attributed to the use of load-control mode while targeting a 
certain penetration depth simultaneously during penetration. Considering a slight 
variation in shear strength profile among the samples, a minor difference in the 
resulting final penetration depth or resistance is thus inevitable. However, the 
variations observed in the present study are within a tolerable range. In the case of 
displacement-control mode, a far more precise control to target a penetration depth can 
be achieved as the command is independent of the soil resistance.  
As mentioned earlier, the spudcan behavior during installation is typical for all tests, 
with similar total vertical pressures and pore pressures generated throughout the 
installation. The installation-induced excess pore pressures then gradually dissipated 
during the waiting period. The dissipation of average excess pore pressure at the base 
of the spudcan plotted with logarithmic time during waiting period for all the tests is 
shown in Figure 4.16. It is evident that the pore pressure responses for all the tests fell 
on a common curve with different final magnitudes of excess pore pressure at the end 
of waiting period. The average excess pore pressure at the spudcan base generated at 
the onset of waiting period is around 162~167 kPa. After an 843-day waiting period 
under a constant load, the excess pore pressure at the spudcan base dissipated to 
around 12 kPa. The consistent initial excess pore pressure and its rate of dissipation 
suggest that the same effect of installation process with a consistent consolidation 
behavior of the soil could be reproduced at each test.    
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Figure 4.17 shows a comparison of net uplift resistance versus normalized depth for 
Tests GS1 to GS6. In view of the slight variation in penetration depth, the penetration 
depth D was normalized by the final spudcan penetration depth fD  for a given test in 
order to facilitate a fair comparison among the tests. From the figure, it is evident that 
the uplift resistance of the spudcan increased considerably with waiting period. The 
breakout force rose from 17 MN, for the immediate extraction, to 36 MN after 843 
days of waiting period. This variation in uplift resistance indicates that the stress state 
prior to extraction following a certain waiting period, particularly total pore pressure at 
the spudcan base, may have a major influence on the resulting uplift resistance. 
In terms of breakout displacement, it is also apparent in Figure 4.17 that a longer 
waiting period led to a smaller breakout displacement. This is consistent with the study 
of Thorne et al. (2004) for plate anchors which showed that the breakout failure 
occurred at a smaller displacement as the soil became stronger. In this regard, it is 
believed that the dissipation of excess pore pressure at the spudcan base during waiting 
period was translated to the gain in shear strength of the underlying soil.  
To further evaluate the test results, an equilibrium condition of force in vertical 
direction was assumed, as schematically depicted in Figure 4.18. Suction was assumed 
to constitute the major resistance at the spudcan base a priori. In this respect, suction is 
defined as negative excess pore pressure with respect to the corresponding hydrostatic 
pressure at the spudcan base level and deduced from the total pore pressures 
measurement at the spudcan base. On the other hand, the resistance at the top of the 
spudcan is believed to come from the total weight of the soil above the spudcan and 
shear resistance against uplift which were practically registered by the total pressure 
transducers placed at the spudcan top. The average primary stress acting at each side, 
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i.e. total pore pressure at the base and total vertical pressure at the top, were 
determined by the “weighing’ method discussed previously. The hydrostatic pressure 
included at the measurement was extracted from each component to give a “net” 
vertical stress and suction at the top and base of the spudcan respectively. 
Figure 4.19 clearly shows that the average base suction rises remarkably from 50 kPa 
to 180 kPa. On the other hand, the build-up of top soil resistance only ranges from 90 
kPa to 112 kPa taking into account the soil weight component of about 75 kPa. This 
reveals that base suction is a more dominant factor compared to top soil resistance at 
spudcan extraction particularly after a long waiting period. This preliminary finding 
signifies the importance of base suction in spudcan extraction problems.  
Likewise, a comparison was made for pore pressure changes in the soil beneath the 
spudcan at extraction after various waiting periods as given in Figure 4.20. In this 
assessment, the pore pressure response being compared is that at a distance of B/2 
below the spudcan centerline (P8). This point was chosen in view of its similarity in 
excess pore pressure magnitude to that at the centre of spudcan base (P4) during 
extraction as previously presented (see Figure 4.14). In Figure 4.20, the resulting 
negative excess pore pressure in this location appears fairly proportional to the 
corresponding suction at the spudcan base center. For the immediate extraction case, 
the suction measured at transducer P8 was 50 kPa whereas in the test with 843-day 
waiting period a suction of 250 kPa was observed. This finding further indicates a 
strong correlation between the stress state at the spudcan base and that at B/2 directly 
below.  
As discussed previously, the assumption of base suction constituting a major resistance 
on the spudcan base was made a priori. Therefore, this assumption needs to be verified 
Chapter 4  Assessment of Breakout Force and Its Contributing Factors 
 138 
by checking the equilibrium condition in vertical direction during extraction. The net 
uplift resistance uQ  was decomposed into two main components as illustrated in 
Figure 4.18, namely (1) resistance above spudcan top tQ  and (2) resistance below 
spudcan base bQ  which is literally base suction. The average pressures representing 
the two components were determined as before. Both tQ  and bQ  were then obtained 
from the respective average pressure magnitude multiplied by the spudcan plan area.  
Figures 4.21(a) and 4.21(b) show the variations in uplift resistance and its components 
plotted with respect to spudcan depth during extraction for Test GS1 (immediate 
extraction) and Test GS5 (423-day waiting period), respectively. The predicted value 
or arithmetic sum of the two individual components tQ  and bQ  obtained using the 
method stated above is also incorporated in the figure represented by the dashed line. 
The predicted uplift resistance is found to be reasonably close to the measured net 
uplift resistance obtained from the load cell at each test. However, a discrepancy 
appears for Test GS5 (the long term case) at a small portion prior to and after the 
breakout point. This may be attributed to the shear forces over the spudcan body which 
contributes to the equilibrium condition but could not be measured. Despite the 
discrepancy, the measured ultimate total resistance at breakout matches the predicted 
one. This equilibrium condition demonstrates that the method adopted to determine tQ  
and bQ  stated above is valid.   
To further examine the phenomenon of suction at the spudcan base, for all the tests, the 
measured breakout force or ultimate net uplift resistance uuQ  and its components, 
namely ultimate top soil resistance tuQ  and ultimate base suction buQ , are plotted 
against waiting period, as presented in Figure 4.22. The estimate of breakout forces 
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uuQ , which is literally summation of tuQ  and buQ , is also included in the figure for 
comparison. The figure illustrates that tuQ  increases only slightly with waiting period. 
In contrast, buQ  rises considerably with waiting period and is the major component of 
the breakout force uuQ  particularly for the tests with relatively long waiting periods. 
This confirms that the significant increase of net uplift resistance with waiting period 
is essentially the contribution of suction between the spudcan base and the underlying 
soil. It is also shown that the estimated breakout force agrees well with the measured 
value for all the tests. This further verifies the proposed equilibrium condition and the 
reliability of the stress measurements. 
4.3.2 Effect of maintained vertical load 
In practice, the ratio between operational load and maximum installation load of 
spudcan, or preload, is variable. Therefore, in the experiment it also is essential to 
examine the effect of maintained vertical load on breakout force of spudcans. To 
examine this effect, a set of tests were designed as summarized in Table 4.2. Tests 
GS5A and GS5B were conducted with the maintained vertical load Q set to be 50% 
and 25% of the maximum installation load oQ  respectively. In this set of experiment, 
penetration depth and waiting period of the spudcan were set to be similar to that for 
Test GS5, i.e. about 19 m and 423 days, respectively. These test results will be 
compared to that of Test GS5 with %75/ =oQQ  constituting a set of parametric study 
on maintained vertical load. 
The dissipation of excess pore pressure during waiting period for Tests GS5, GS5A 
and GS5B is shown in Figure 4.23. It is clear that under a lower maintained vertical 
load, the pore pressures at the spudcan base dissipated at a slower rate. Although the 
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initial excess pore pressures for the three tests were all different, the three pore 
pressure dissipation curves intersected each other after about 100 days of waiting 
period. At the end of the waiting period of similar duration, the final excess pore 
pressures of the three tests fell within a relatively narrow range of 28 kPa for 
%75/ =oQQ  to 40 kPa for %25/ =oQQ . 
Evaluating the equilibrium condition, Figures 4.24(a) and 4.24(b) show the variations 
in net uplift resistance and its two components for Tests GS5A and GS5B respectively. 
As in the case of different waiting period (Test GS1 versus Test GS5), the measured 
net uplift resistance also matches well with the predicted value at both tests with 
different level of maintained vertical load. This further reinforces the earlier finding 
that top soil resistance and base suction primarily constitute uplift resistance of the 
spudcan. Combining the test results with that of Test GS5, Figure 4.25 shows that the 
base suction buQ  only slightly increases with maintained vertical load while tuQ  is 
considerably identical for all the three tests.  
4.3.3 Implications of waiting period and maintained vertical load to breakout 
force of spudcans 
The general behavior of breakout force and the associated base suction with respect to 
the effects of waiting period and maintained vertical load discussed previously are 
further interpreted in this section to highlight some concerns or considerations in the 
existing practice of spudcan extraction in the field.   
With respect to the maximum installation load, breakout force constitutes around 50% 
for the very short waiting period and increases to as much as 110% for the long term 
case as illustrated in Figure 4.26. This significant level of breakout force with respect 
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to maximum installation load discloses a potential problem in the field considering that 
the uplift capacity of jackup rigs normally lies between 40% and 85% of the preload or 
maximum installation load (Osborne, pers. comm.). In addition, the presence of 
existing water jetting system does not compensate for the limited uplift capacity of 
jackup rigs due to its ineffectiveness. 
The ratio of ultimate base suction over breakout force against waiting periods is plotted 
in Figure 4.27. Under 75.0/ =oQQ , the contribution of base suction as a percentage 
of breakout force is established to range from 40% for spudcans with very short 
waiting periods and increases to as much as 60% for those with long waiting periods. 
Under the same waiting period of about 420~450 days, a lower maintained vertical 
load slightly reduces the percentage to 57% and 54% for oQQ / of 0.50 and 0.25 
respectively. This signifies that a lower maintained vertical load does not lead to a 
proportionally smaller base suction. This observation establishes that base suction is 
the major component of breakout force which is more dominantly affected by the 
waiting period than the maintained vertical load. This also implies that in order to ease 
spudcan extraction particularly in deep penetration cases, elimination of the base 
suction should be more efficient than excavation of the top soil. The latter may pose 
some difficulties in field execution concerning environmental conditions and may not 
be viable in terms of cost.        
4.4 Qualitative Assessment on Excess Pore Pressure Responses 
In the present study, the waiting period of the spudcan literally means consolidation 
under a constant pressure below the spudcan and soil self-weight consolidation above 
the spudcan. It has been established earlier that base suction, which is the major 
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component of breakout force, is largely dependant on the pore pressure state at the 
spudcan base prior to extraction. On top of that, it is also observed that the top soil 
resistance rises slightly with time. In view of these phenomena, it is believed that 
consolidation process reflected by the dissipation of pore pressure plays a major role in 
determining the uplift resistance. As such, further evaluation of pore pressure state on 
the spudcan is essential to better understand the breakout phenomenon. Herein, a 
simple assessment is attempted to establish a qualitative understanding on how pore 
pressure state on spudcan prior to extraction affects the breakout force.   
It is assumed that the dissipation of excess pore pressure measured immediately on top 
of the spudcan approximately reflects the same phenomenon occurring at other 
locations in the soil directly above the spudcan. As shown in Figure 4.28, the average 
degree of consolidation of soil immediately on top of the spudcan increased with 
waiting period from zero to as much as 74% after 843 days. The degree of 
consolidation was determined from the response of each pore pressure transducer on 









max  (4.3) 
where U = degree of consolidation; maxu = maximum pore pressure generated during 
installation; wu = hydrostatic pressure at spudcan top; and iu = pore pressure at any 
point in time. 
It is well recognized that the dissipation of excess pore pressure under soil self-weight 
is translated to an increase in effective stress of the soil and the associated gain in shear 
strength. This implies that a longer waiting period will result in a higher shear strength 
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of the soil above the spudcan and thus a larger resistance upon extraction. A series of 
shear strength measurements obtained from cone penetration tests at a distance of 16 m 
away from the spudcan centerline prior to extraction is presented in Figure 4.29. On 
average, the shear strength immediately after penetration increased by 5 kPa at all 
depths after a 423-day waiting period. Though the shear strength profile is not 
representative of that directly above the spudcan, however, this indicates that during 
the waiting period, the soil regains shear strength after being heavily disturbed during 
the installation process. The shear strength profiles of the soil above the spudcan at 
various locations and simulation stages will be discussed in great detail in Chapter 7. 
On the other hand, it was not clear yet how the initial pore pressure state affected the 
resulting suction at the spudcan base upon extraction. To help figure out this 
phenomenon, the development of average total pore pressure at the spudcan base for 
Tests GS1 to GS6 is summarized in Figure 4.30. As presented earlier, the pore 
pressure at the onset of waiting period was about the same for all the tests (refer to 
Point 1 in the figure). The installation-induced excess pore pressure then dissipated 
during the waiting period toward the hydrostatic pressure at the spudcan base level. 
Owing to differences in the duration of waiting period, the final total pore pressure, 
denoted by Point 2, varied with the pore pressure dissipation ranging from about 5 kPa 
for Test GS1 to about 150 kPa for Test GS6. In other words, the longer the waiting 
period, the closer is the final total pore pressure to the hydrostatic value. Initiated from 
this point, the extraction brought the total pore pressure below the corresponding 
hydrostatic pressure and peaked at breakout point. Suction thus can be determined 
from the difference between total pore pressure and the corresponding hydrostatic 
pressure at the spudcan base level at breakout. It should be noted that the hydrostatic 
pressure at the spudcan base changed proportionally to the breakout displacement 
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which varied from 1.9 to 2.6 m. Figure 4.30 also shows that the typical hydrostatic 
pressure at breakout point was around 200 kPa. 
In Figure 4.30, it is interesting to note that the difference in the total pore pressure 
magnitude between Point 2 (onset of extraction) and Point 3 (breakout point) for the 
six tests falls within a relatively narrow range of 201 kPa to 214 kPa except for Test 
GS1 which registered a slightly greater magnitude of 230 kPa. In other words, under 
the same consolidation pressure, the change in pore pressure due to extraction is fairly 
similar regardless of waiting period. These results explain that the pore pressure state 
prior to extraction in fact accounts for the different magnitudes of suction developed at 
the spudcan base at various waiting periods. This also gives an explanation on why a 
larger breakout force is required to extract spudcans with a longer waiting period.   
Figure 4.31 shows a similar diagram of pore pressure development at the spudcan base 
for the tests with various levels of maintained vertical load, namely Tests GS5, GS5A 
and GS5B. As presented earlier, the tests started with different initial total pore 
pressures but ended up with fairly similar final total pore pressures at the end of 
waiting period (Point 2 in Figure 4.31). Upon spudcan extraction initiated from a 
similar initial pore pressure, a larger magnitude of maintained vertical load during 
waiting period results in an increase in total pore pressure reduction and thus suction at 
the spudcan base (distance between Point 2 to Point 3). However, the effect of 
maintained vertical load on base suction is considerably less significant than that of the 
waiting period. This finding suggests that besides the initial pore pressure prior to 
extraction, the loading history may also influence the resulting base suction upon 
spudcan extraction. The variation in loading history during the tests, in this case 
consolidation pressure associated with the maintained vertical load, may also result in 
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a variation in effective stress transferred to the underlying soil during installation and 
the subsequent waiting period. Measurement of these parameters is not possible to be 
carried out in the present experiment and hence further research using numerical tools 
is perhaps able to investigate this phenomenon.     
4.5 Summary 
Two series of centrifuges tests have been conducted to examine spudcan breakout 
forces for various waiting periods and associated maintained vertical loads. The 
experimental results reveal that the spudcan breakout force can be of comparable or 
higher magnitudes with respect to the spudcan installation load, particularly for long 
waiting period cases. It is also established that base suction constitutes a major 
component of the spudcan breakout force which increases considerably with duration 
of waiting period. It is found that the magnitude of base suction depends largely on the 
initial pore pressure at the spudcan base prior to extraction. Given a constant 
extraction-induced change in total pore pressure irrespective of waiting period, a 
longer waiting period leads to a closer total pore pressure to the hydrostatic which in 
turn is translated to a higher suction upon extraction. In contrast, the contribution of 
top soil resistance merely shows a slight build-up with increasing waiting period. The 
effect of maintained vertical load is found to be less significant compared to that of 
waiting period. The findings from this chapter were also reported in Purwana et al. 
(2005).  
Although Craig & Chua (1990b) and others have highlighted the importance of suction 
at the spudcan base during extraction, the results of the present study provide a 
quantitative interpretation on the significance of base suction for various waiting 
periods and levels of maintained vertical load. The next essential step to establish an 
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in-depth understanding of the breakout problem is to reveal the soil displacement 
pattern throughout the entire spudcan simulation process. In this regard, the main focus 
will be given to the breakout failure mechanism of spudcans.  
The importance of breakout force and the associated base suction revealed in the 
present study also highlights the necessity to improve the existing measures of easing 
spudcan extraction in the field. Based on the phenomena observed at this stage of the 
present study, an alternative spudcan extraction method will be developed and tested 
under laboratory conditions which results are reported in Chapter 6. 
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max. installation load 
(MN) 
Prototype  





GS1 33.5 18.1         < 1 
GS2 30.9 18.9   53 (1.8) 
GS3 33.7 18.9 126 (4.2) 
GS4 31.9 18.4 244 (8.1) 
GS5 32.4 19.0   423 (14.1) 
GS6 32.6 18.8   843 (28.1) 
Remark:  Spudcan diameter (B)  = 12.5 m 
 Ratio of maintained vertical load over max. installation load = 0.75 
 
 






max. installation load 
(MN) 
Prototype  
penetration depth  
(m) 
Ratio of maintained 
vertical load over max. 
installation load 
GS5 32.4 19.0 0.75 
GS5A 30.0 18.9 0.50 
GS5B 32.1 18.1 0.25 
Remark:  Spudcan diameter (B)  = 12.5 m 









































Total pressure transducer (T)











Figure 4. 1  Centrifuge model setup (all dimension in mm) 
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Figure 4. 2  Typical loading stages and load-displacement response (Test GS5) 







Figure 4. 3  Soil stuck on spudcan top and surface cracks left after extraction                        


































Figure 4. 4  Soil surface movements at (a) 0.5, (b) 1.5, (c) 2.5 radius from spudcan edge             
(Test GS5) 
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Figure 4. 8  Schematic diagram of measured stresses on spudcan during installation 
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Figure 4. 9  Stresses development on spudcan around installation stage (Test GS5) 
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Figure 4. 10  Time history of pore pressures dissipation at various locations throughout waiting 














0 50 100 150 200 250 300 350














0 50 100 150 200 250 300 350






















Start of waiting period
HydrostaticHydrostatic
End of waiting period
Extraction
End of waiting 
period
 
Figure 4. 11  Total vertical and pore pressures at spudcan top during waiting period and 
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Figure 4. 12  Total vertical and pore pressures at spudcan base during waiting period and 
extraction (Test GS5) 
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Figure 4. 14  Time history of pore pressures at various locations during extraction (Test GS5) 
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Figure 4. 15  Development of stresses at spudcan base (mid-radius) around extraction                 
(Test GS5) 

















































Figure 4. 16  Dissipation of excess pore pressure at spudcan base at various waiting periods 
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Figure 4. 19  Variation of excess pore pressure at spudcan base and net vertical stress at 
spudcan top during extraction for various waiting periods 
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Figure 4. 20  Variation of total pore pressure in soil immediately beneath spudcan (P8) during 
extraction for various waiting periods 
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Figure 4. 21  Equilibrium of uplift resistance components at short term (Test GS1) and long 
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Figure 4. 22  Variation of breakout force components with waiting period 
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Figure 4. 23  Dissipation of excess pore pressure at spudcan base at various levels of 
maintained vertical load 
 














































Figure 4. 24  Equilibrium of uplift resistance components for maintained vertical load over 
maximum installation load ratio of 25 % (Test GS5A) and 50% (Test GS5B)  






0 0.25 0.5 0.75 1
























Figure 4. 25  Variation of breakout force components with ratio of maintained vertical load 
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Figure 4. 30  Summary of average total pore pressure development at spudcan base for various 
waiting periods 
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Figure 4. 31  Summary of average total pore pressure development at spudcan base for various 





































BREAKOUT FAILURE MECHANISM                
OF SPUDCANS IN SOFT CLAY 
 
5.1 Introduction 
In order to perform a comprehensive examination of the spudcan extraction problem, it 
is essential to investigate the soil movement patterns throughout the spudcan 
simulation process. This will enable more in-depth interpretations of the problem and 
further establish the understanding obtained in the first stage of the present study 
presented in Chapter 4.  
Despite apparent similarity in uplift phenomenon between anchor plates and spudcans, 
the latter in fact involves more complexities associated with the installation and 
operation process. The jacking-in of a spudcan during installation causes significant 
soil remolding around the spudcan which in turn translates to complexity of the stress 
state as well as non-uniformity of the soil shear strength. As such, an adoption of 
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anchor plate theories for predicting spudcan breakout force may encounter some 
problems primarily associated with the non-homogeneity of shear strength surrounding 
the spudcan prior to uplift. In addition, in view of the simplification commonly made 
for anchor base conditions, i.e. unbonded or fully bonded, as reported in Chapter 2, the 
breakout failure mechanism resulting from each assumption may not be representative 
of the actual mechanism for spudcan extraction. 
An experimental investigation was therefore carried out to examine the actual soil 
movement patterns at various stages of the spudcan simulation with emphasis on 
extraction. The results would also provide further qualitative understanding of the 
stress behavior during the spudcan simulation particularly that associated with 
breakout failure.  
As described in Chapter 3, the soil movement pattern surrounding the uplifting 
spudcan was investigated by performing half-spudcan tests behind a perspex window 
(Figure 5.1). The clay face across the viewing window was textured by sprinkling 
black and gray flock powder to the otherwise white kaolin clay (Figure 5.2). The 
resulting random texture allows the deformation measurement analysis using particle 
image velocimetry (PIV) technique. The half spudcan was instrumented with pressure 
transducers to complement interpretations of the observed soil movement pattern, that 
is, to relate the soil movement with the corresponding stresses acting on the spudcan. 
The same simulation process as that in the full spudcan tests was adopted, i.e. 
installation, waiting period, and extraction.   
A series of digital images were taken throughout the simulation process. Subsequently, 
the digital images were analyzed using GeoPIV8 software (White & Take, 2002) to 
quantify movements of the prescribed patches in sequential images. As the soil 
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movement vectors obtained from the PIV analysis were still in image space or in pixel 
unit, they should therefore be transformed to object space through a close-range 
photogrammetry. This process includes derivation of the intrinsic and extrinsic camera 
parameters from the control marker and back projection of the image-space 
coordinates in pixel unit to the object-space ones in metric unit. The detailed 
explanation on the entire process of the measurement technique can be found in 
Heikkila (1997) and White (2002), as summarized in Chapters 2 and 3. 
5.2 Photogrammetry Correction 
Figure 5.2 shows an example of the digital image with black and gray flock powder 
randomly texturing the clay face of 430 (H) × 360 (V) mm2 in object space. Control 
markers, i.e. each represented by a white dot on black square background, comprise a 
grid of 4 × 4 markers across the image of 1600 (H) ×1200 (V) pixels. A white square 
control marker was also put on the center of spudcan face to facilitate locating the 
spudcan position accurately at any point in time. A camera calibration was then carried 
out using the image-space and object space coordinates of the control markers from 
which the extrinsic and intrinsic camera parameters were derived. With these 
parameters, a map of variation in image scale can be produced with the procedure 
discussed in Chapter 3. Figures 5.3a and 5.3b show the maps of image scale variation 
for horizontal and vertical directions, respectively.  
Even though the image in Figure 5.2 appears non-distorted, Figure 5.3a shows that 
horizontally, the scale factor varies from 0.27 mm/pixel at the centre to more than 0.28 
mm/pixel at the left hand edge of the image. Likewise, the scale factor in vertical 
direction (Figure 5.3b) increases from 0.27 mm/pixel at the centre to around 0.28 
mm/pixel at the bottom edge. If a constant scale factor is assumed as the mean scale 
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factor of 0.275 mm/pixel, this implies that displacements close to each side of the 
image would be over estimated by 2%. Given the pixel size of the image captured, the 
discrepancy of 5 μm/pixel at each side (with respect to the mean scale factor) would 
lead to an error of 3 mm and 4 mm in the calculated coordinates near the horizontal 
and vertical sides of the image, respectively. This exhibits the potential limitation of 
the constant image scale assumption as well as highlights the importance of the close 
range photogrammetry technique adopted in the present study.   
5.3 Tests program 
A total of three half-spudcan tests were conducted as summarized in Table 5.1. Test 
PS01 was performed to reveal the breakout failure mechanism for an immediate 
extraction case whereas Test PS02 simulated a long term case in which the vertical 
load was maintained for 419 days. In Test PS03, a special case was simulated in which 
cavitation below the spudcan base was designed to take place upon extraction. Similar 
to the simulation in the full spudcan tests, the installation was conducted using load 
control to the target depth of around 18~19 m. Subsequently, the maximum installation 
load was reduced to 75% and maintained for a certain waiting period except for Test 
PS01. At the end of waiting period, the spudcan was extracted using displacement 
control with an uplift rate of 1 mm/sec to ensure undrained condition. 
5.4 Typical Test Results 
5.4.1 Validity of stress measurements 
In order to verify reliability of the half-spudcan modeling, the stresses measured on the 
instrumented half-spudcan were compared to those obtained from full spudcan with the 
same testing conditions. Thus, the measured stresses in Test PS02 were compared to 
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those of Test GS5. In Figure 5.4, it is apparent that in general the measured stress at 
each corresponding transducer location is fairly similar despite a 0.8-m difference in 
spudcan penetration depth. In terms of total resistance, the load cell reading of the half 
spudcan is similar to half of the full spudcan’s total resistance (Figure 5.4a). The slight 
difference could be attributed to the friction incurred between the spudcan rod and the 
guide hook (see Chapter 3) and perhaps variability in the soil shear strength between 
the two tests. For the other stress measurements in terms of total vertical pressure and 
total pore pressure at the two sides of the half spudcan, Figures 5.4b to 5.4d show that 
similar results to those in the corresponding transducer locations of the full spudcan 
were obtained. This further verifies that the stresses measured in the half-spudcan test 
are representative of those in the corresponding full spudcan test. Hence, it can be 
justifiably used to link the observed soil movement patterns with the stress behaviors 
comprehensively obtained in the full spudcan tests.    
Test PS02 is used as an illustrative example to present the results of a typical long 
waiting period case in detail. In this test, the maintained vertical load was set to be 
75% of the maximum installation load and maintained for 419 days. The image was 
taken continuously with a rate of 0.5 frame/sec (in model scale) during installation and 
extraction while during waiting period, the image was captured at 5 minutes interval 
(in model scale).  
The evolution of soil movement patterns at various selected stages of penetration and 
extraction are shown hereinafter in the forms of velocity fields and the associated 
normalized velocity contours. The velocity field represents the increment of resultant 
displacements taken from a pair of sequential images of 2 sec interval. These 
displacements were then normalized with the corresponding relative movement of the 
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spudcan, which was predominantly in the vertical direction, in the image pair and 
plotted in terms of contours. In this assessment, it should be noted that the major 
displacement field is defined as soil displacements equal to or greater than 10% with 
respect to the spudcan movement. As for waiting period, the incremental soil 
displacement with respect to that at the onset of waiting period was analyzed at several 
points during the 419-day waiting period and presented in the forms of vector and 
contour fields. For all the analysis, the field was established using an array of PIV 
mesh consisting of 4560 patches distributed across the image of soil face. The results 
shown have undergone the transformation to object space and are presented in 
prototype unit of meter. 
5.4.2 Penetration 
As shown in Figure 5.5, the stresses acting on the spudcan were assessed at five 
selected stages during penetration, i.e. D/B = 0.1, 0.35, 0.5, 0.75, 1.0, and 1.35 as 
denoted by Point A to F respectively, where D is penetration depth with respect to the 
largest cross section of the spudcan base and B is the spudcan diameter. As will be 
described later, each selected point represents a transitional stage in which a unique 
behavior was observed.  
The transitional stages during the installation process are apparent in the images 
displayed in Figure 5.6. It is clear that at D/B = 0.1 (Stage A), a condition in which the 
full spudcan base touched the soil surface with the spudcan side wall being fully 
embedded is depicted. At D/B = 0.5 (Stage C), the cavity left above the penetrating 
spudcan collapsed onto the spudcan top after which the cavity depth remained 
unchanged throughout the subsequent stages (Stages D, E, F).  
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Figure 5.7a shows the onset of spudcan penetration which resembles a typical bearing 
capacity failure mechanism for a conical footing at surface under vertical loading. At 
this penetration depth, D/B = 0.1 (denoted by Stage A), a significant amount of soil 
moved downward nearly perpendicular to the inclined spudcan base while the soil 
directly below the truncated centre spigot moved mainly downward with the spudcan. 
A soil wedge did not seem to form below the spudcan which may be attributed to the 
relatively smooth base of the spudcan, which is made of aluminium alloy. The soil 
directly beneath the spudcan edge exhibited a transitional movement from vertical 
downward to lateral. From this point outward, the lateral movement transformed to 
vertical upward ones which extended to the soil surface causing a slight heave of the 
soil adjacent to the spudcan edge. In Figure 5.7b, it is revealed that the major 
displacement field extends about 0.8B below the spudcan base and from the spudcan 
edge outward. The slight non-symmetry of the displacement field observed in the 
figure may be attributed to the fact that the spudcan and the soil surface could not be 
ensured exactly perpendicular to each other at the initial stage of penetration.  
In terms of stress, the measured total resistance and total vertical pressure at the 
spudcan base at this stage showed a rapid increase in resistance after which it rose 
almost linearly with depth. The total vertical pressure transducer at the spudcan top 
still registered the hydrostatic value as there had not been any back-filling soil. 
Upon further penetration to D/B = 0.35 (Stage B), the penetrating spudcan formed an 
open cavity on top. At the same time, the rotational movement around the spudcan 
edge further developed in which more soil beside the spudcan was mobilized upward 
and turned inside toward the cavity wall as shown in Figure 5.8a. While the cavity wall 
above the spudcan remained stable at this stage, it could be said that soil backflow had 
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just been initiated. Figure 5.8b reveals that the extent of lateral disturbance at the 
surface slightly decreases to 0.5B from the spudcan edge while that below the spudcan 
remains at 0.8B.   
At D/B = 0.5 (Stage C), the soil beside the spudcan, which was moving upward and 
turning inward near the surface, started to collapse the open cavity and flowed back 
onto the spudcan top (Figure 5.9a). This point signifies the onset of a full development 
of soil back-flow above the spudcan. The massive movement of the back-flow soil 
extended about 0.5B above the spudcan with 0.25B wide. It is also worth noting that at 
Stage C, the total pressure transducer at the spudcan top began to register a resistance 
higher than the hydrostatic value associated with the onset of soil back-flow onto the 
spudcan top. As can be seen in Figure 5.9b, the soil movement at the surface became 
less than that below indicating an on-going transition from a shallow to deep failure 
mechanism.  
The massive soil flow beside the spudcan continued until D/B = 0.75 (Stage D) with a 
stable cavity being formed above the spudcan. As shown in Figure 5.10a, the cavity 
depth at the centre was about 0.35B deep and exponentially decreasing in the radial 
direction. As also reported by Hossain et al. (2005, 2006), this cavity depth remained 
similar to the depth at which the soil back-flow was first initiated, in this case at D/B = 
0.50. The penetration depth of D/B = 0.75 is often regarded as a limit in which shallow 
bearing capacity failure mechanism still prevails (Craig & Chua, 1990a). In this 
instance, the lateral extent of major soil distortion at the surface was measured 1.5B or 
0.25B from each spudcan edge, while that at the spudcan base level shows a slightly 
larger value of 1.6B (Figure 5.10b). This observation is comparable to the width of 
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1.5B reported by Craig & Chua (1990a) and Hossain et al. (2005, 2006) for the same 
depth of penetration.        
At a deeper penetration (D/B = 1.0 or Stage E), the soil back-flow was fully localized 
around the spudcan edge without further influencing the soil surface as can be seen 
from the minor lateral disturbance at the soil surface. It can be said that a deep failure 
mechanism prevailed from this stage onward. Figure 5.11a shows that the cavity shape 
above the spudcan remained unchanged from Stage C to Stage E. In addition to the soil 
flow around the spudcan edge, it was also noted that some amount of soil above the 
crest of the spudcan moved vertically downward with the advancing spudcan.  
The same behavior was also found at D/B = 1.35 (Stage F) whereby the spudcan was 
about to reach the final penetration depth of 1.44B, as shown in Figure 5.12a. The 
localized soil back-flow around the spudcan edge was established with a fan zone of 
0.25B radius. It is interesting to note that around the apex of the spudcan, there existed 
a slim wedge of soil toward which the remaining soil directly above the spudcan 
flowed. It was observed that this soil was originated from the near-surface soil which 
collapsed onto the spudcan top at the onset of soil back-flow. Therefore, at the end of 
penetration, the soil immediately on top of the spudcan may be softer than the 
remaining overlying soil as the soil was already remolded and brought down from the 
top layer with lower shear strengths. This may account for the very low effective stress 
recorded on top of the spudcan from the onset of soil backflow to the end of 
penetration. As discussed in Chapter 4, the total vertical pressure and pore pressure 
right on top of the spudcan were of similar magnitude throughout the penetration (see 
Figure 4.5).  
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As shown by Figures 5.11b and 5.12b, the major soil displacement below the spudcan 
up to this stage consistently extends to about 0.8B deep. It is interesting to note that 
soil compression directly below the spudcan base was observed throughout the 
continuous penetration, as indicated by the normalized velocity less than unity. This 
implies that during continuous penetration the underlying soil is subjected to very high 
strains, and as a result, the soil plastically flows to the top in a gradual manner. As 
shown by the total vertical pressure and pore pressure transducers readings at the 
spudcan base (Figure 5.5b), both responses from Stages A to F were of similar 
magnitude indicating a plastic state in which the increment of total stress equals that of 
pore pressure. 
The presence of softer soil being dragged down below a penetrating spudcan in non-
homogenous soil has also been reported by several researchers, for example Hossain et 
al. (2005, 2006), Erbrich (2005), Erbrich & Hefer (2002), and Lu et al. (2001). This 
interface soil between the spudcan and the underlying soil being displaced is subjected 
to very high strains and full remolding which lead to very low shear strength. For 
penetration analyses in non-homogenous soil, they reported that this situation may give 
rise to overestimation of the bearing capacity and hence often be treated artificially as 
an effectively smooth spudcan surface by applying a lower bearing capacity factor.   
The above overall observation is found to be in good agreement with that reported by 
Craig & Chua (1991). In their study, spaghetti indicator columns were installed across 
the central cross-section in the undisturbed sample prior to the test. This in turn 
facilitated a post-test observation in which the soil deformation pattern could be 
obtained by bisecting the sample through the central. The spaghetti deformation 
qualitatively showed that during spudcan penetration, the following occurred: 
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a) a wedge of clay existed beneath and moved down with the spudcan 
b) clay flowed plastically around the spudcan from below to above 
c) an extent of soil collapsed into the cavity above the spudcan 
As also cited in Hossain et al. (2005), this sectioning only revealed the final 
deformation pattern as an evolution of the pattern could not be established. It should be 
noted that prior to the sectioning, the sample had experienced rebound and unloading 
that may also have altered the final pattern. Despite the limitations, it is believed that 
the study by Craig & Chua (1990a, 1991) has provided a sound fundamental 
understanding of soil deformation pattern during spudcan penetration which has been 
further verified in the present study.  
5.4.3 Waiting period 
So far very little is known about the soil displacement patterns after spudcan 
installation and the subsequent stages. As discussed in Chapter 4, it is believed that 
while a spudcan is subjected to a constant vertical load following the penetration, the 
remolded soil above the spudcan undergoes consolidation and perhaps repositions. As 
shown in Figures 5.13 and 5.14, the pore pressure at the spudcan base dissipated 
exponentially with time and the spudcan settlement nearly stabilized after a 419-day 
waiting period. Similar to the observation in Test GS5, the installation-induced pore 
pressure at mid-radius of the spudcan base reduced gradually from about 180 kPa to 30 
kPa throughout the 419-day waiting period. Figure 5.15 displays two sequential 
images taken at the onset and end of the waiting period where soil surface settlement 
appears dominant. The soil movement pattern will be assessed in detail at four selected 
points with a 100-day interval, as indicated in Figures 5.13 and 5.14.  
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Figure 5.16 shows the cumulative soil movements from the onset of waiting period to 
105 days later. The soil movement surrounding the spudcan was predominantly 
vertical except that around the cavity base directly above the spudcan. As the spudcan 
penetration left a cavity on top, a significant extent of lateral movement was observed 
associated with the stability of the cavity base slope. At the end of the 419-day waiting 
period, a similar movement pattern still prevailed as shown in Figure 5.17. The pattern 
reveals that the settlement distribution of the soil surrounding the spudcan was dish-
shaped with its depex along the spudcan centerline. 
A detailed evolution of total settlement contours of the soil surrounding the spudcan 
during the waiting period is presented in Figures 5.18 to 5.21. In general, the soil 
settlement at a given depth was the highest at the spudcan centerline and decreased 
radially outward. Along the centerline below the spudcan, the soil settlement reduced 
with depth whereas the settlement was dominant at the areas immediately above the 
spudcan and near the cavity base. As can be seen in Figure 5.18, after the first 105 
days of waiting period the soil settlement was more pronounced within the areas 
immediately above the spudcan and at the depression located near the soil surface.  
Likewise, the pronounced settlement after 208 days was still concentrated at the two 
areas but with less extent showing that the soil in these areas had yet to reach 
equilibrium (Figure 5.19). Only 100 days later, the total settlement along the centerline 
above the spudcan became relatively more uniform, as shown in Figure 5.20. In 
connection to the presence of a slim soil wedge on the spudcan top originated from the 
near-surface area observed during penetration as discussed previously, the prominent 
soil settlement at the same area further suggests that the soil may be relatively softer 
than the adjacent soil. 
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In Figure 5.21, a fairly similar shape of radial distribution of total settlement is 
apparent at the end of the 419-day waiting period. A dish-shaped lateral distribution of 
total settlement existed above and below the spudcan. As discussed in Chapter 4, the 
pore pressures surrounding the spudcan in this instance shows that majority of excess 
pore pressures have dissipated. The remaining excess pore pressures at various 
locations after the 423-day waiting period (Test GS5) were considerably small and of 
similar value showing that the pore pressures, particularly those surrounding the 
spudcan, were about to reach equilibrium. 
5.4.4 Extraction 
From a general visual observation displayed by images in Figure 5.22, it appears that 
three prominent stages exist during spudcan extraction. With respect to the initial 
condition depicted in Figure 5.15b, the initiation of uplift did not seem to change the 
overall arrangement of the texture on clay surface (Figure 5.22a). In this instance, it is 
apparent that the spudcan base was still attached to the underlying soil. After an uplift 
displacement of 2.0 m at which breakout failure occurred, the uplift no longer involved 
the underlying soil, as identified from Figure 5.22b. Another distinct behavior was 
noted when the spudcan virtually reached the soil surface at which stage a void 
developed below the spudcan (Figure 5.22c). Shortly after the spudcan was fully 
extracted from the soil, an abrupt collapse of the cavity occurred after which the 
adjacent near-surface soil flowed to the cavity. As denoted by Point G in Figure 5.5, 
this stage can be associated with the breakdown of the residual suction since the 
spudcan base was just exposed to the free water on the surface. The final stage of 
extraction in which a footprint was created is shown in Figure 5.22d.   
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Soil movement patterns during the extraction were analyzed by the PIV technique 
coupled with close-range photogrammetry and assessed at five selected points of uplift 
displacement, i.e. 0.2 m, 0.5 m, 1.0 m, 2.0 m, and 4.0 m, denoted by Stages I to V as 
shown in Figure 5.5. As will be elaborated later, the displacement field associated with 
each stage is presented in terms of velocity field and normalized velocity contours of 
horizontal and vertical components. For the sign convention, upward vertical 
movement and outward lateral movement with respect to spudcan centerline are taken 
as positive.    
At the onset of extraction, the displacement field presented in Figure 5.23a 
demonstrates that uplift movements of the soil above and below the spudcan were 
equally predominant. As denoted by Stage I in Figure 5.5, this particular stage still lies 
in the compression region. Above the spudcan, the extraction mobilized a compression 
of the top soil but had not yet fully extended to the soil surface. As indicated by the 
velocity contour line of unity in Figure 5.23b, a soil wedge of 0.5B in height was 
formed above the spudcan and moved rigidly together with the uplifting spudcan. On 
the other hand, a major vertical soil movement forming a soil bulb of 0.8B deep was 
observed below the spudcan. The displacement velocity of unity noted below the 
spudcan suggests that in this instance some extent of soil immediately below the 
spudcan rebounds and apparently moves upward rigidly with the spudcan. Figure 
5.23b also reveals minor downward movements of the soil beside the spudcan which in 
turn rotated toward the spudcan centerline after passing the spudcan base level.  
As for horizontal movements, the surrounding soil below the spudcan primarily moved 
toward the spudcan centerline while that above the spudcan only shows a slight 
outward lateral movement in the vicinity of the soil wedge (Figure 5.23c). The lateral 
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movement below the spudcan concentrated along lines below the spudcan edge 
associated with the rotational movement from downward in the adjacent soil beside the 
spudcan to upward in the area directly below the spudcan. As presented in Figure 5.5, 
the change in stresses at the top and base of the spudcan were still minor at this stage.  
Upon further extraction to 0.5 and 1.0 m uplift displacements, the same deformation 
pattern as that in the previous stage still maintained (Figures 5.24a and 5.25a). 
However, the soil wedge formed at the spudcan top was expanding and the soil 
compression finally propagated to the soil surface. In this instance, the top soil 
resistance was about to reach the ultimate at 0.5 m uplift displacement (Stage II) and 
peaked afterwards (Stage III). At Stage III, the extraction mobilized a larger area than 
that initially forming a soil column. As shown in Figures 5.25b and 5.25c, the soil 
column was formed slightly larger from the projected spudcan area. As discussed in 
Chapter 4, the top soil resistance normally reached an ultimate value after about 1.0 m 
uplift displacement. This case possibly corresponds to the full mobilization of the soil 
column in Stage III. 
At these displacements, the response of soil immediately below the spudcan became 
less stiff indicated by the velocity field less than unity (Figures 5.24b and 5.25b). In 
addition, the stress at this point already shifted to the tension region with a significant 
amount of suction developed at the spudcan base (Figure 5.5). At these stages, the 
measured total vertical pressure at mid-radius of the spudcan base was equivalent to 
the corresponding total pore pressure, as indicated by the stress measurements shown 
in Figure 5.5. This implies that the effective stress over the spudcan base was minor or 
practically zero; that is, purely water pressure was possibly acting over the spudcan 
base. The above findings suggest that the development of base suction may be 
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associated with the less stiff response of the underlying soil and also with water 
infiltration through a tiny gap over the interface area between the spudcan and the 
underlying soil. In line with this possibility, Foda (1982) postulated that at the initial 
stage of uplift, a tiny gap may exist between the body and the soil bed. The tiny gap 
which is filled with water will expand and water can infiltrate laterally through the gap 
periphery.  More studies are required to verify the existence of the gap below an object 
under rapid extraction particularly when relatively soft soil is present underneath.   
As shown in Figures 5.24b and 5.25b, the extent of downward soil movements beside 
the spudcan at the spudcan base level was expanding. An onset of soil flow from the 
top to the base of the spudcan was also noted taking place around the spudcan edge 
though still confined to a very narrow zone. The initiation of soil flow around the 
spudcan edge is associated with the large shearing at this area. The local failure caused 
by this shearing is likely to enable soil flow from the top to the base periphery and 
balance each other the excess pore pressure induced at the two sides upon extraction. 
As presented in Chapter 4, a positive excess pore pressure is generated at the spudcan 
top while the base experiences a negative excess during extraction. It will be shown 
later that in fact the soil flow around the spudcan edge was growing in the subsequent 
stages of extraction. This seems in line with the fact that the full development of 
suction started from periphery of the spudcan toward the center (see Figure 4.12).   
Only after a 2.0 m uplift displacement or Stage IV was the soil flow apparently fully 
developed and localized around the spudcan edge as shown in Figure 5.26a. At this 
point, the largest extent of downward movement of the soil beside the spudcan and 
lateral soil movement below the spudcan occurred. It is also evident that a well defined 
slip line existed below the spudcan which strongly indicates a shear failure of the 
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underlying soil though the anticipated reverse bearing capacity failure mechanism was 
not pronounced. However, this type of breakout mechanism is in good agreement with 
one of possible failure mechanisms proposed by Liu (1969). He suggested that 
breakout may be caused by soil shear failure in which the interior stress exceeds the 
yield strength, fracture then develops and eventually leads to failure. The assessment 
of the observed failure mechanism will be further discussed in Chapter 7.   
In Figure 5.26b, the vertical movement of the underlying soil was far less compared to 
that in the previous stages showing that the spudcan base was detaching from the 
underlying soil. In terms of stress state, this stage marked the ultimate total resistance 
or breakout force as indicated in Figure 5.5. 
Above the spudcan, the soil wedge inside the soil column reduced in size after passing 
through the ultimate resistance at the previous stage (Figure 5.26b). However, a larger 
extent of lateral soil movement was noted deviating outward along each side of the soil 
column as indicated in Figure 5.26c. The largest lateral soil movement above the 
spudcan apparently concentrated at the top edge of the spudcan associated with the 
plastic soil flow. With these behaviors, it is highly probable that the soil shearing along 
the sides of the soil column has reached a residual state.  
At the post-breakout state, the soil movement was predominantly characterized by full 
development of plastic soil flow from the spudcan top to the base while the underlying 
soil no longer involved in the uplift process (Figure 5.27a). Like in the case of deep 
penetrations, the soil flow was localized around the spudcan edge with a fan zone of 
0.25B in radius. In addition to the significant plastic deformation in the soil above the 
spudcan, the existence of some amount of residual suction at the spudcan base 
throughout the post-breakout stage can be contributed to the mobilization of soil flow 
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during the remaining extraction process. It is interesting to note that at this residual 
state the flow failure resembles the shape of reverse bearing capacity failure. In the 
case of no suction, the soil deformation above the spudcan perhaps would only be 
characterized by the uplift of soil column above the spudcan.  
The above process was also accompanied by massive downward movements of the 
adjacent overburden soil and the lifting of soil surface above the spudcan (Figure 
5.27b). The lateral extent of the downward moving soil extended from the spudcan 
edge and deviated to as wide as one spudcan diameter at the soil surface. This 
phenomenon remained until the spudcan virtually reached the soil surface where a 
cavity formed under the spudcan (see Figure 5.22c). 
As for the soil on top of the spudcan, the well-defined soil column mobilized over the 
previous stages softened and reduced slightly in size after the breakout failure. After 
this ultimate state, the residual shearing of the soil was primarily indicated by a larger 
extent of lateral movement along each side of the remaining soil column as well as that 
induced by the soil wedge displacing the surrounding soil (Figure 5.27c). As shown in 
Figure 4.11, at this stage the excess pore pressure at the spudcan top had gradually 
dissipated with the total pore pressure being deviating smaller than the corresponding 
total vertical pressure. Thorne et al. (2004) hypothesized that once tension cracks 
forms as a result of shearing along soil column above a strip, any negative pore water 
pressure near the surface will instantaneously dissipate and facilitate the propagation of 
cracks downward.           
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5.4.4.1 Comparison with breakout failure mechanism of anchor plates 
In view of some similarities in character between spudcan extraction and uplift of 
horizontal anchors problems as discussed in Chapter 2, a further interpretation is made 
on the observed velocity fields during the spudcan extraction with respect to that of 
uplift of an anchor in clay. Even though most of the existing velocity fields have been 
developed for strip anchors and or for homogeneous clay, however, it could be 
reasonably taken as a rough benchmark in view of the absence of more suitable 
information on this subject. 
The uplift behavior of a spudcan with an embedment depth of 1.5B observed in the 
present study appears similar to that of shallow anchors in which the failure 
mechanism reaches the surface at the ultimate collapse (see Figure 5.26). By solely 
considering the top soil, the observed velocity field at the breakout failure state is 
found to be considerably similar to that proposed by Merified et al. (2001) which was 
obtained from an upper bound finite element analysis. As shown in Figure 5.28a, a 
typical failure mode observed for horizontal anchors with a small embedment ratio is 
characterized by a zone of soil wedge within a soil column directly above the anchor 
which moves almost rigidly and a limited shear zone above the edge of the anchor. In 
the figure, the upper bound mechanism of Gunn (1980) was also incorporated and as 
cited by Merified et al. (2001), the velocity field obtained from the finite element 
upper bound solution is within the three-variable block mechanism of Gunn (1980).  
For evaluating the soil failure mode below the spudcan, a fair comparison with the 
existing anchor solutions was not possible in view of the expected substantial degree 
of shear strength difference between the soil above and below the spudcan prior to 
extraction particularly after long waiting periods. The existing predictions of soil flow 
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mechanism for anchors at the same embedment depth, for example that of Mehryar et 
al. (2002) shown in Figure 5.29a, clearly differs from that observed in the present 
study. Besides the method being developed for homogeneous clay, the discrepancy 
could also be attributed to the assumption of base condition, which is either vented or 
attached, and weightless soil used in their analysis.  
In the analysis of uplift strip anchors with soil density being included, Thorne et al. 
(2004) qualitatively described that when the soil above an unbonded-base anchor is 
lifted, the failure occurs as a result of shearing along lines above the spudcan edge and 
tensile failure of near surface soil due to “beam action”. If the anchor base is bonded to 
some extent, these failures would be accompanied by shearing beneath the anchor in 
the form of “inverse” bearing capacity failure flow shear failure as the soil beside the 
anchor flows round to the base. As schematically depicted in Figure 5.29b, the 
qualitative failure mode is consistent with that observed in the present study 
specifically for Test PS02.  
The phenomenon of an apparent separation or cavity development when the spudcan 
virtually reached the soil surface is possibly associated with the ratio of overburden 
stress to undrained shear stress at spudcan base level. Mehryar et al. (2002) showed 
that the overburden stress ratio plays an essential part in when a plate separates from 
the soil during pull-out process. The finite element analysis indicated that separation 
occurred when 0.5/ <uv cσ . In the present study, when the spudcan was uplifted to 
near-surface soil, such an overburden stress ratio is possible to be achieved considering 
the low magnitude of overburden stress at the spudcan base level.    
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5.4.4.2 Factors affecting separation  
The possibility of breakaway associated with the suction capacity behind an anchor 
plate and how it affects the anchor capacity have been of interest in the establishment 
of anchor plate theories (Martin & Randolph, 2001). The inability of the current state 
of the art to predict the tension capacity or maximum suction on the rear face of 
anchors indeed leads to the assumption of either immediate or no breakaway case in 
anchor analyses. In view of the apparent association between separation process and 
suction development as discussed before, it is worth discussing the phenomenon of 
separation in relation to the result of the present study. 
Rowe & Davis (1982) and Merifield et al. (2001) indicated that in common situations 
the true breakaway state may fall somewhere between the two extreme situations 
described above. As also observed in the present study, this stage is often called 
intermediate case. At the initial stage of extraction following a relatively long waiting 
period, the spudcan responded as if it were fully bonded. A separation between the 
base of the spudcan and the underlying soil then occurred abruptly after some 2-m 
uplift displacement. As discussed before, it is evident that particularly in Test PS02, 
the abrupt drop of suction at the base was associated with the shear failure of the 
underlying soil. In a later section, it will be shown that there is a situation in which a 
smooth transition of breakaway process exists without a pronounced shear failure of 
the underlying soil and suction breakdown. 
With regard to the base separation, Thorne et al. (2004) hypothesized that without 
failing the soil, the separation of a plate from the underlying soil could not occur in an 
undrained soil unless either: 
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a) the loading is no longer undrained in which the extraction-induced excess pore 
pressure is gradually transferred to effective stress and causing soil failure in 
tension, in this case the undrained analysis is no longer valid. 
b) cavitation occurs immediately below the anchor when the pore pressure drops 
far below atmospheric causing tension failure of the pore content.  
They also pointed out that separation associated with soil failure could only occur if 
the initial total stress acting on the rear faces of anchor plus the ability of water to 
accept tension pressure without cavitation is greater than seven times the undrained 
shear strength, or can be expressed as, 
 cou uuDc ++′< γ7  (5.1) 
where ou  is initial pore pressure above atmospheric, cu  is the absolute pressure drop 
below atmospheric at which water will cavitate, and D'γ  is initial effective stress at 
anchor base level. At normal temperature (5~25°C), pure water will undergo cavitation 
at a pressure of 80~95 kPa below atmospheric pressure. Assuming that the pore water 
would also cavitate at the same pressure level as pure water, the above range could 
thus be taken as limiting pore water pressure to trigger cavitation or corresponds to cu . 
As discussed in Chapter 3, the adopted uplift rate in the present study has been ensured 
in undrained conditions according to the dimensionless velocity group of Finnie (1993) 
which was further verified by Rattley et al. (2005) for uplift cases. Therefore, it was 
unlikely that the condition (a) occurred in the experiment. As for condition (b), the 
minimum initial pore pressure in the tests; that is hydrostatic pressure at spudcan base 
level prior to extraction, was set such that it would not drop far below atmospheric 
upon the maximum anticipated suction. In Chapter 4, it has been shown that when 
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maximum suction was generated, the pore pressure at the spudcan base center dropped 
at most to -50 kPa below atmospheric pressure. Figure 4.30 shows that the average 
maximum drop in pore pressure at the base of spudcan is about 210 kPa or about 2 
atmospheric pressures (atm). Given the limiting pore water tension capacity cu  of 95 
kPa below atmospheric, it is therefore believed that with the maximum anticipated 
suction of some 250 kPa, cavitations would only occur if the initial pore pressure is 
less than 1.5 atm. In other words, cavitation would unlikely occur in the present tests 
since the initial pore pressure is limited by the hydrostatic pressure, which is typically 
about 220 kPa (2.2 atm) at the spudcan base prior to extraction for all the tests. 
In view of the above-mentioned evidences, the breakout failure is only possible to 
occur if the underlying soil failed. This further verifies the observation of soil 
movement in Test PS02 which clearly demonstrates the presence of a well-defined slip 
line below the spudcan at breakout point. The soil failure was immediately followed by 
the separation of the spudcan from the underlying soil as the generated base suction 
could no longer be sustained. The separation immediately allowed a full development 
of plastic soil flow from the top to the spudcan base which was accompanied by the 
downward movement of the soil beside the spudcan toward the base to fill the cavity 
left by the uplifting spudcan. 
In the subsequent section, the results of further half-spudcan tests carried out under 
prescribed testing conditions will be presented to evaluate whether or not breakout 
failure mechanism of spudcan under the same embedment depth was indeed shear 
strength dependant.  
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5.5 Breakout Failure Mechanism for Specific Cases 
It has been postulated that the soil displacement pattern during extraction is perhaps 
somewhat related to the shear strength of the soil above and below the spudcan. 
Therefore, a half-spudcan test with subsequent PIV analysis was carried out to 
simulate an immediate extraction case (Test PS01) in which the state of shear strength 
around the spudcan was still in a heavily remolded condition.   
In addition, to further verify the assumption that cavitation was unlikely to happen 
given the testing conditions in the present study, Test PS03 was designed and carried 
out to allow cavitation to develop below the spudcan during extraction. With the 
recognition that cavitation occurs if the pore pressure drops far below atmospheric, in 
this test the final pore pressure at the spudcan base prior to extraction was made as low 
as possible with the same embedment depth of 1.5B being still maintained. This 
condition was set by lowering the hydrostatic pressure at the spudcan base level and 
initiating extraction at the lowest pore pressure possible; that is, the hydrostatic value. 
The former was done by putting less free water on the soil surface while the latter was 
obtained by maintaining the vertical load as long as 3 hours (in model scale) or 
equivalent to a 1260-day prototype waiting period to allow full dissipation of 
installation-induced excess pore pressure over the spudcan base and make the soil 
below the spudcan as stiff as possible.  
As shown in Figure 5.30, the behavior of load-displacement responses for Tests PS01 
and PS02 are similar to the corresponding full spudcan tests, i.e. Test GS1 (immediate 
extraction) and Test GS5 (423 days waiting period). However, in Test PS03 where the 
vertical load was maintained for around 1260 days, the breakout force, which 
supposedly increases with longer waiting period, was found to be smaller than that of 
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Test PS02. As anticipated, this smaller breakout force is attributed to cavitation 
occurred below the spudcan which limit the resulting breakout force. In the subsequent 
section, the behavior of soil displacement of Tests PS01 and PS03 will be elaborated 
and compared with that of Test PS02. It is believed that the soil displacement during 
penetration in Tests PS01 and PS03 were the same as that in Test PS02 as indicated by 
the similarity of penetration responses among the three tests (Figure 5.30). Hence, the 
following discussion is focused on the soil displacement pattern during extraction. 
5.5.1 Immediate extraction cases 
The load and stress measurements during Test PS01 are presented in Figure 5.31. As 
noted in the corresponding full spudcan test, the immediate extraction case is 
characterized by a smooth transition of total uplift response without an abrupt suction 
breakdown. In terms of stresses at the spudcan base, the total vertical and pore 
pressures were of similar magnitude at all times as indicated by Figure 5.31b. The peak 
base suction at the spudcan mid-radius was not pronounced and nearly uniform suction 
was generated throughout the extraction. Being consistent with the corresponding 
result of Test GS1 (see Figure 4.19), the suction measured was around 35 kPa with the 
peak of 50 kPa at between 2.0 and 3.0 m uplift displacement. Given the nearly constant 
suction, the linearly decreasing total uplift resistance after the peak is clearly attributed 
to the reduction in the top soil resistance.  
Unlike tests with long waiting periods where base suction develops in several distinct 
stages (see for example Figure 4.12), the smooth transition of suction response of the 
immediate extraction case may also be translated to its behavior of soil displacement 
during extraction. For this particular test, the assessment will thus be focused on the 
soil displacement during extraction particularly around breakout point or between 
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Stages IV and V, as indicated in Figure 5.31. In a later stage, the corresponding 
velocity field at each stage will also be discussed.  
Figure 5.32 presents an evolution of localized soil flow around the spudcan edge 
between Stages IV and V within which the spudcan breakout occurred. The velocity 
field shown was intentionally zoomed at the area adjacent to the spudcan to have a 
clearer insight into progression of the soil displacement pattern. In Figure 5.32a, it is 
shown that after 2.0 m uplift displacement or up to Stage IV, some extent of the 
underlying soil still moved up with the spudcan. At the same time, plastic soil flow 
from the top of spudcan moved around the spudcan edge and partially reached the 
spudcan base. It is interesting to note that upon further extraction (Figure 5.32b), the 
soil flowed with less extent of the underlying soil being in contact with the spudcan 
base. In this instance, the soil flow nearly extended all over the spudcan base and the 
breakout point was achieved after 2.6 m uplift displacement despite its location being 
not so prominent. Upon further extraction to 3.0 m uplift displacement, the underlying 
soil completely stopped moving and the localized soil flow grew further until reaching 
a full state after 4.0 m uplift displacement. At this post-breakout stage, it is believed 
that separation had taken place and the soil on the spudcan top flowed toward the 
cavity below the lifting spudcan. This displacement pattern at the residual state 
remained the same until the spudcan virtually reached the soil surface.  
In this particular test, it is obvious that the breakout is accompanied by a smooth 
transition between the development of soil flow around the spudcan edge and the 
decreasing rate of upward displacement of the soil below the spudcan. The full 
mobilization of soil flow around the spudcan edge occurred right after the underlying 
soil stopped moving upward. The low shear strength and the associated small amount 
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of suction generated at the spudcan base may account for this behavior. Unlike Test 
PS02 where the underlying soil is expectedly much stiffer, a reverse bearing capacity 
failure mode or a pronounced slip plane below the spudcan was not present at 
breakout. This phenomenon will be discussed further in Chapter 7.  
5.5.2 Long waiting period cases with base cavitation  
In cases with cavitation, when pore pressure beneath an object drops far below 
atmospheric pressure due to uplift, the pore water would vaporise and reduce the 
tensile capacity of the pore fluid under the object. In turn, this causes the resulting 
uplift resistance to terminate at a smaller magnitude. As shown in Figure 5.30, the 
breakout force in Test PS03 was likely limited by cavitation occurring under the 
spudcan. It can be seen from Figure 5.33b that the pore pressure at the spudcan base 
dropped to 95 kPa below atmospheric (-1 atm) after an uplift displacement of 1 m 
(Stage III). It was discussed in Chapter 3 that from calibration the maximum 
measurable suction of the Druck© PDCR-81 pore pressure transducer used in the 
present study is about 90~95 kPa which is similar to the cavitation limit of 80~95 kPa 
below atmospheric (Thorne et al., 2004). Given the significant shear strength gain 
below the spudcan after the full consolidation, the maximum base suction generated to 
cause a shear failure of the underlying soil is likely limited by the pore water tension 
capacity below the spudcan. After reaching the “maximum” at -95 kPa, both total 
vertical and pore pressures were measured constant up to Stage IV at which the 
spudcan had been uplifted by 2.0 m. Upon further extraction, the suction gradually 
dropped while the total vertical pressure rapidly increased back toward the hydrostatic 
pressure. 
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The images taken at the corresponding stage reveals that a cavity formed under the 
spudcan when the total vertical and pore pressures dropped to around -1 atm. As 
shown in Figure 5.34a, the cavity was formed and nearly covered the entire spudcan 
base after a 1.0 m uplift displacement. The cavity was still observed but with less 
extent at stage IV as can be seen in Figure 5.34b. The corresponding velocity field at 
Stage III (Figure 5.34c) shows that when the cavity formed below the spudcan, the 
underlying soil practically had stopped moving up while the soil flow was still 
confined to a very narrow zone around the spudcan edge. In Figure 5.34d, an abrupt 
soil flow occurred at Stage IV in which the soil above the spudcan edge was apparently 
sucked into the cavity. This occurrence was also indicated by a sudden fall of total 
vertical pressure registered on the spudcan top between Stages III and IV (Figure 
5.33c).  
In view of the relatively stiff soil below the spudcan resulting from the long 
consolidation period, the total pore pressure reading being stagnant at the cavitation 
limit of about -1 atm indicates that the initial total vertical stress, after removing the 
maintained vertical load on the spudcan, and the available pore water tension capacity 
is likely less than the uplift stress required to fail the soil below the spudcan. If this is 
true, this result confirms the postulation of Thorne et al. (2004) that cavitation would 
occur when the opposite situation given in Eq (5.1) takes place. 
Apart from the cavitation below the spudcan, the failure mechanism above the spudcan 
observed in Test PS03 exhibits a somewhat different mode from Tests PS01 and PS02. 
The rotational soil movements around the spudcan edge from the top and the base of 
the spudcan only occurred until the cavitation developed. The cavity then dragged in 
soil which was originated from the area immediately beside a soil wedge formed on 
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top of the spudcan (Figure 5.34d). Considering the full consolidation state achieved 
after the 1260-day waiting period, the soil wedge appeared stiff and sheared the 
adjacent soil along a well defined slip plane. While the soil wedge moved up, the 
adjacent soil flowed down towards the cavity under the spudcan. 
5.6 Overview of Observed Breakout Failure Mechanisms 
The results of soil movement observation in Tests PS01 to PS03 will be compared and 
discussed in this section. It has been pointed out that breakout failure mechanism is not 
unique and indeed dependant on several factors, mainly soil shear strength surrounding 
spudcan and the associated base suction capacity. As Tests PS01 to PS03 were literally 
performed with increasing waiting period and the associated resulting shear strength, 
the results could then be reasonably used to examine the effect of soil shear strength on 
deformation of the soil above the spudcan during extraction. As cavitation occurred at 
Test PS03, fair comparisons of the soil deformations below the spudcan among the 
three tests will only be performed for the initial stages of extraction and post-breakout 
stage. Figures 5.35 to 5.44 present variations of velocity field and normalized total 
velocity contour at each stage of extraction for all the tests. 
In terms of soil deformation above the spudcan, at the onset of extraction a stiffer soil 
tends to propagate more extent of soil compression to the soil surface under the same 
uplift displacement as demonstrated in Figure 5.38. The rigid soil wedge formed above 
the spudcan appears larger as the soil above the spudcan becomes stiffer (Tests 
PS01ÆPS03). In addition, a relatively stiff soil above the spudcan produced a more 
pronounced slip line at ultimate resistance (Figure 5.39c). Despite this difference, the 
deformation patterns at post-breakout stages were somewhat similar in which the 
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extent of lateral displacement was predominant around the soil-wedge displacing the 
surrounding soil (Figures 5.43 and 5.44).  
As for the soil deformation below the spudcan, a stiff response of the underlying soil 
was observed at the onset of extraction for a relatively long waiting period case (Tests 
PS02 and PS03), as indicated by the contour line of unity right below the spudcan in 
Figures 5.36b and 5.36c. For the immediate extraction case (Figure 5.36a), the less 
stiff response could be attributed to the lower shear strength and the associated smaller 
base suction capacity. For a relatively soft underlying soil (Test PS01), the extraction 
mobilized a progressive growth of soil back-flow from the top to the base of the 
spudcan with increasing uplift displacement, as demonstrated in Figures 5.35a to 
5.41a. As the underlying soil gained shear strength during waiting period, it is possible 
that the resulting stiffer underlying soil and the associated larger base suction prevent a 
gradual propagation of the soil back-flow toward the spudcan center before the 
underlying soil failed in shear. A stiffer soil was also found to involve a larger extent 
of soil below the spudcan base upon extraction. When a cavity forms below the 
spudcan, the transfer of uplift movement to the underlying soil dropped with 
increasing gap, as demonstrated in Figure 5.40c to 5.42c.    
Summary of the soil deformation patterns at some critical stages observed in the 
present study is schematically illustrated in Figure 5.45. It should be noted that the 
illustrated mechanism is for relatively long waiting period cases in which the resulting 
base suction is sufficient to cause shear failure of the underlying soil.   
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5.7 Post-test Investigation 
In the present study, a post-test investigation was carried out to evaluate deformations 
imprinted particularly on the sample surface after the simulation process. As discussed 
in Chapter 4, two rings of tension cracks appeared on the sample surface in all the tests 
after the model was spun down to unit gravity. In this section, the results of soil 
movement observation obtained from the half-spudcan test (Test PS02) will be 
combined with evidences taken from the sample of the corresponding full spudcan test 
(Test GS5) with the same test conditions.  
Tentatively, it is suspected that the surface tension-cracks marked the interface 
between the “heavily” and “slightly” disturbed areas associated with the extraction 
process rather than the installation process. Figure 5.46a shows that without spudcan 
extraction the spin-down process to unit gravity did not result in any pronounced 
tension crack on the sample surface as opposed to that after extraction (Figure 5.46b). 
In the latter case, immediately after the model was spun down in Test GS5, blue color 
ink was poured into the surface cracks to enhance their imprints. After somewhat 
drying up and being relatively stiff, the sample was bisected along its centre to reveal a 
cross section of the surface cracks. As shown in Figure 5.47, the two rings of surface 
crack were of 2B and 3B wide and each extended to an average depth of 0.5B where B 
is the spudcan diameter.  
It is possible that these cracks were produced during spin down as a result of lateral 
stress release in the near-surface soil, or more precisely perhaps along shear planes 
created during the extraction process. In Figure 5.48a, the velocity field in vertical 
direction at breakout stage demonstrates that the nearly vertical soil column above the 
spudcan was pushed up and slipped against the adjacent soil. A shear band seems to 
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appear along the boundary between the two regions, extending from the spudcan edge 
to a point on the soil surface approximately 0.5B away from the spudcan edge. If the 
apparent surface crack is indeed associated with the shear band, the inner ring of 
surface crack may correspond to an area in which the major shearing takes place at 
breakout. As the spudcan moved towards the surface, the downward-moving block of 
soil beside the spudcan grew and extended to the surface at about one diameter away 
from the spudcan edge as shown in Figure 5.48b. The superposition of a typical soil 
movement pattern during post-breakout state (after 6 m uplift displacement) and the 
sketch of cracks evidence shown in the figure demonstrate that the above postulation 
may be the case.     
5.8 Summary 
A series of half-spudcan tests have been carried out to investigate the soil movement 
patterns surrounding the spudcan. Coupled with continuous stress measurement on the 
half spudcan, the resulting soil displacement fields obtained from PIV analysis with 
photogrammetry correction were utilized to further interpret the behavior of stresses 
surrounding a full spudcan established in Chapter 4.  
It is found that the character of soil movements above the spudcan under uplift is 
somewhat similar to that of horizontal anchors in soft clays. At the ultimate state, the 
uplift was translated to a formation of rigid soil wedge within a nearly vertical soil 
column with a shear band along the side. Hence, the available anchor solutions may be 
able to reasonably predict the ultimate top soil resistance for spudcan extraction. This 
will be exercised in Chapter 7. 
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In contrast, due to the complexity of stress state and the associated shear strength non-
uniformity surrounding the spudcan, there exists an essential discrepancy of soil 
deformation pattern below the spudcan as compared to the existing anchor solutions. 
In general, spudcan extraction resembles a transition from fully bonded to unbonded 
case which nature is largely dependant on suction available over the spudcan base. A 
shear plane was observed beneath the spudcan at breakout when the base suction is 
sufficiently large to cause soil failure though the anticipated reverse bearing capacity 
failure mechanism was not pronounced. In Chapter 7, a further investigation will be 
carried out to examine this phenomenon and also to establish potential correlation 
between base suction and undrained shear strength below spudcan.   
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PS01 16.0 18.87         < 1 
PS02 15.0 18.02  419 (14) 
PS03* 15.6 18.00 1260 (42) 
Remark:  Spudcan diameter (B)  = 12.5 m 
 Ratio of maintained vertical load over max. installation load = 0.75 
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Figure 5. 1  Schematic of viewing area in half-spudcan tests (all dimension in mm)  
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(b) Image scale in vertical direction (mm/pixel) 
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(a) Load-displacement (b) at spudcan top (0.8R from centre)
(c) at spudcan base (0.5R from centre)
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(d) at spudcan base (0.5R from centre)
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(a) D/B = 0.10 (Stage A)                             (b) D/B = 0.35 (Stage B)              
 
 
    
 
(c) D/B = 0.50 (Stage C)                             (d) D/B = 0.75 (Stage D)              
 
 
    
 
(e) D/B = 1.0 (Stage E)                             (f) D/B = 1.35 (Stage F)              
 
Figure 5. 6  Images captured at various critical points during spudcan penetration 
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Figure 5. 7  Velocity field and normalized velocity contour during spudcan penetration           
at D/B = 0.10 (Stage A) 
a) 
b) 
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Figure 5. 8  Velocity field and normalized velocity contour during spudcan penetration             
at D/B = 0.35 (Stage B) 
a) 
b) 
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Figure 5. 9  Velocity field and normalized velocity contour during spudcan penetration           
at D/B = 0.50 (Stage C) 
a) 
b) 
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Figure 5. 10  Velocity field and normalized velocity contour during spudcan penetration                  
at D/B = 0.75 (Stage D) 
a) 
b) 
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Figure 5. 11  Velocity field and normalized velocity contour during spudcan penetration           
at D/B = 1.0 (Stage E) 
a) 
b) 
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Figure 5. 12  Velocity field and normalized velocity contour during spudcan penetration               
at D/B = 1.35 (Stage F) 
a) 
b) 
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Figure 5. 13  Dissipation of excess pore pressure at spudcan base throughout a 419-day waiting 
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(b) after 419 days 
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Figure 5. 16  Total displacement vector after a 105-day waiting period 
 
 



























Figure 5. 17  Total displacement vector after a 419-day waiting period 
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Figure 5. 19  Total displacement contour after a 208-day waiting period 
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Figure 5. 21  Total displacement contour after a 419-day waiting period 
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  (a) initial stage of extraction 
 
  (b) post-breakout failure 
 
  (c) development of cavity near surface 
 
  (d) footprint created at final stage 
 
Figure 5. 22  Images captured at various critical stages during spudcan extraction 
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(a) velocity vectors 
 
 






























































































(b) vertical velocity         (c) horizontal velocity 
 
Figure 5. 23  Velocity field and contour at onset of extraction (Stage I) 
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(a) velocity vectors 
 
 

































































































(b) vertical velocity         (c) horizontal velocity 
 
Figure 5. 24  Velocity field and contour at upward displacement of 0.5 m (Stage II) 
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(a) velocity vectors 
 
 
































































































(b) vertical velocity         (c) horizontal velocity 
 
Figure 5. 25  Velocity field and contour at upward displacement of 1.0 m (Stage III) 
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(a) velocity vectors 
 
 




































































































(b) vertical velocity         (c) horizontal velocity 
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(a) velocity vectors 
 
 


































































































(b) vertical velocity         (c) horizontal velocity 
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Figure 5. 28  Numerical result for horizontal anchor in homogeneous clay and corresponding 















(a) immediate breakaway (b) no breakaway  
 
(b) after Thorne et al. (2004) 
 
Figure 5. 29  Failure mechanism for uplift shallow anchors in clay proposed by existing studies 
 
vented attached 
Chapter 5  Breakout Failure Mechanism of Spudcans in Soft Clay 







-25 -20 -15 -10 -5 0 5 10 15 20 25




























PS01 (< 1 day)
PS02 (419 days)

































Chapter 5  Breakout Failure Mechanism of Spudcans in Soft Clay 





-25 -20 -15 -10 -5 0 5 10 15 20 25




















0 50 100 150 200 250 300 350 400 450 500 550 600






















0 50 100 150 200 250 300 350


















































Chapter 5  Breakout Failure Mechanism of Spudcans in Soft Clay 
  225 


















(a) at 2.0 m uplift displacement 
 


















(b) at 2.6 m uplift displacement (breakout) 
 


















(c) at 3.0 m uplift displacement 
 


















(d) at 4.0 m uplift displacement 
Figure 5. 32  Evolution of localized soil flow around breakout point (Test PS01)  
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(c) Total vertical pressure at spudcan top(b) Total vertical pressure and pore pressure at spudcan base
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     (c) velocity field at stage III       (d) velocity field at stage IV 
Figure 5. 34  Experimental evidence of gap present at spudcan base due to cavitation and 
corresponding velocity field during initial stage of extraction (Test PS03) 
cavity 
cavity 
(a) 1.0 m uplift displacement 
– breakout (Stage III) 
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(b) after extraction 




    
 
     (c) top view of surface crack              (d) section through soil sample 
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(a) at breakout (after 2.0 m uplift displacement) 
 



















Distance from spudcan axis (m)



































(a) post breakout (after 6.0 m uplift displacement) 
 
Figure 5. 48  Location of soil cracks with respect to observed soil movement pattern 
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A PROPOSED METHOD FOR                
EASING SPUDCAN EXTRACTION IN CLAY 
 
6.1 Introduction 
The increasing deployment of mobile jackup rigs, specifically in soft clay seabed, 
poses a challenge of overcoming the spudcan extraction problem associated with deep 
leg penetrations as has been examined in Chapter 4. As pointed out in Chapter 2, the 
aid of water jetting system outfitted at the spudcan base is often unable to assist the 
spudcan extraction in clay effectively. Owing to the ineffective water jetting system, 
difficulties in extracting deeply-embedded spudcans in soft clay often lead to intuitive 
measures to retrieve the legs using the full capacity of the jacking system in the rig. 
The delay associated with the difficulties in retrieving the legs causes a significant 
economic loss to the offshore industry. More critically, the instability of the 
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foundations during this transitional stage also imposes a considerable risk to the jackup 
structure.  
Apart from the study of water jetting in sand by Lin (1987, 1995) described in Chapter 
2, the author is unaware of any other studies which evaluated the effectiveness of 
existing water jetting system in easing spudcan extraction particularly in cohesive soil. 
As such, some intuitive postulations arise with regard to the poor performance of water 
jetting system in clay. Besides ineffective pressure transfer in the water jetting system, 
another potential cause is the soil channeling effect. In this respect, highly pressurized 
water released from the water jetting nozzles may tend to create water channels or 
hydraulic fractures in the underlying soil. Once channels or fractures are formed 
surrounding some of the nozzles, the supplied pressure will concentrate in these areas 
while the pressure at the remaining nozzles will drop. As a result, the water jetting 
system, which is supposed to be able to break the resistance over the spudcan base and 
soil interface, becomes ineffective. Despite no supporting evidence, these postulations 
may help examine the potential limitations of the existing water jetting system and in 
turn conceive necessary modifications or alternative solutions.   
In view of the ineffectiveness of existing water jetting system and the associated 
undesired consequences, there is an imperative need to invent an effective and efficient 
method for extracting spudcans. Therefore, this part of the study aimed to explore 
possibilities of easing spudcan extraction and in turn proposed an effective method to 
reduce the uplift resistance associated with spudcan extraction in soft clay. Some 
attempted ways of easing spudcan extraction were made based on the major findings 
and understanding established in Chapter 4. Given the importance of base suction 
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during spudcan extraction, the focus is then paid to eliminate or minimize build-up of 
negative excess pore pressure at the spudcan base during extraction. 
6.2 Postulated Concept of Easing Spudcan Extraction 
In order to conceive a solution to the spudcan extraction problem, it is essential to 
revisit the findings established in Chapter 4. The uplift resistance of a fully embedded 
spudcan mainly consists of (1) submerged weight of the spudcan, (2) weight of soil 
involved in the breakout on top of the spudcan, (3) shear force along lines above the 
spudcan edge, and (4) suction at the base of spudcan. The observation of base suction 
is in good agreement with that postulated by some researchers reviewed in Chapter 2; 
for example Vesic (1971), Byrne & Finn (1978), Rapoport & Young (1985), Craig & 
Chua (1990b), and Shin et al. (1994). As shown schematically in Figure 6.1, it was 
found that the base suction is largely dependant on the initial pore pressure when the 
extraction is initiated. Noting the relatively constant amount of pore pressure change 
during extraction, a closer initial pore pressure to the corresponding hydrostatic 
pressure will lead to a larger suction. In addition to the development of negative excess 
pore pressure at the spudcan base, it is also worth noting that during extraction, 
significant positive excess pore pressure is generated at the spudcan top.  
In view of the above-mentioned findings, three possible ways of minimizing the 
development of base suction during extraction were explored and evaluated as follows: 
a. Re-penetrating spudcan prior to extraction 
b. Connecting top and base of spudcan 
c. Supplying external pressure to spudcan base throughout extraction 
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Hereinafter, the above attempted methods correspond to Methods A, B, and C, 
respectively. 
6.3 Basic Experimental Setup and Test Procedures 
The basic setup, soil sample preparation, and simulation procedures are essentially the 
same as those adopted in the first stage of the present study, as described in Chapter 3. 
To cater for Methods B and C, the model spudcan was modified while maintaining the 
same overall shape. The detailed description of the specific setup to facilitate each 
method will be presented later along with the discussion of results for each method. 
Similar to the simulation in the full spudcan test with normal extraction, each test was 
conducted in three stages, i.e. installation, waiting period, and extraction. The spudcan 
penetration depth was fixed at 1.5 times spudcan diameter or around 19 m. Except for 
Test AS1 under Method A, the spudcan was subjected to a vertical load Q as much as 
75% of maximum installation load oQ  and maintained for as long as 420 days. This 
allows a fair comparison with the results of a normal extraction test with the same 
testing conditions, i.e. Test GS5. 
6.4 Method A: Re-penetrating spudcan prior to extraction 
Re-penetrating spudcan prior to extraction was aimed at building-up pore pressure at 
the spudcan base interface and in the underlying soil. This would lead to a higher 
initial total pore pressure at the spudcan base prior to extraction which was expected to 
shift the final total pore pressure proportionally closer towards the hydrostatic value at 
the breakout point. From a practical point of view, re-penetration of spudcan prior to 
extraction may not be viable in the field since a larger penetration force is required 
than that during preloading especially for a spudcan embedded in normally 
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consolidated soft clay seabed with long waiting periods. Despite this potential 
impracticality, the main objective of testing this method was to evaluate the above-
mentioned concept. 
Figure 6.2 shows the load-displacement response observed during the testing of this 
method, denoted as Test AS1. Specifically for this test, after reaching the target depth, 
the vertical load was maintained at 25% of the maximum installation load as denoted 
by Point B in the figure. Instead of maintaining %75/ =oQQ , the lower maintained 
vertical load was intended to generate a significant pore pressure build-up prior to 
extraction with a minimum re-penetration. In order to restore the pore pressure at the 
spudcan base to the maximum state at the end of penetration, an additional 16 MN of 
penetration force was applied at the end of the 420-day waiting period (Point C). This 
additional force is equivalent to around 50% of the initial penetration resistance of 32 
MN (Point A).  
As shown in Figure 6.3, after re-penetration to Point C, the pore pressures at the 
spudcan base built up to the maximum state which had been experienced in the initial 
installation. Subsequently, the extraction was initiated generating uplift resistance of 
the soil and pore pressure change at the spudcan base. In Figures 6.2 and 6.3, it can be 
seen that the resulting breakout force (Point D) was around 93% of the initial 
penetration resistance (Point A) which is similar to that in normal extraction test under 
the same testing conditions, i.e. Test GS5A, as discussed in Chapter 4.  
In terms of base suction, this scenario is found unable to create any significant 
difference from that of the normal extraction tests in that a large base suction was still 
generated upon extraction. The pore pressure build-up resulting from the re-penetration 
diminished instantly upon the subsequent unloading. Perhaps, this “temporary” pore 
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pressure build-up reflects the elastic behavior of the underlying soil during the re-
penetration. The above finding reveals that generating a high initial pore pressure by 
spudcan re-penetration alone is not sufficient to eliminate the extraction-induced base 
suction. Instead, the pore pressure build-up should also be relatively sustainable during 
extraction. 
6.5 Method B: Connecting top and base of spudcan 
This method was attempted in view of the fact that positive excess pore pressures are 
generated at the spudcan top whereas at the base of spudcan, negative excess pore 
pressures develop during extraction. Conceptually, this total pore pressure differential 
developing at the two sides of spudcan during extraction could be utilized to balance 
each other provided that the top and base sides of the spudcan are connected through 
porous material. The porous material should be able to facilitate transfer of excess pore 
pressure while retaining clay particles at the same time. Figure 6.4 shows a schematic 
diagram of the pressure transfer method and the associated modified spudcan catered 
to this method. As also depicted in Figure 6.5, a total of four through holes each 
measuring 20 mm in diameter (model scale) were outfitted in the spudcan. The top and 
bottom of these holes were covered with porous metal allowing only water to fill in the 
gap during spudcan installation.  
As shown in Figure 6.6, the porous metal used in the present study is a 3-mm thick of 
Grade-A Sintercon© bronze with properties given in Table 6.1. The particle retention 
of 3-6 μm is a very efficient filter for the same size of soil particles or larger. This 
property is suitable for retaining soil particles of the kaolin which has an average size 
ranging from 3.0-5.5 μm (see Table 3.2). Given the water flow rate of 3 cm3/sec/cm2 at 
100 kPa pressure differential for a 3-mm thick of porous metal, the amount of water 
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that could be transferred from the spudcan top to the base interface with a total filter 
area of 12.6 cm2 (four holes of 20 mm diameter each) is hence about 38 cm3/sec. This 
volume of water is equivalent to approximately 3-mm thick of water (model scale) 
covering the surface area of the spudcan per second. This flow rate characteristic will 
be further extended later in Method C for various larger pressure differentials. 
As shown in Figure 6.7, the result of this method exhibited the same general behavior 
as that of the solid spudcan in terms of load-displacement response. The generated 
breakout force during extraction is about 98% of the maximum installation load which 
is a typical percentage for the case of normal extraction cases for the same testing 
conditions, i.e. 420 days of waiting period with oQQ /  of 0.75. The inability of this 
method to reduce the breakout force reflects that the suction magnitude at the spudcan 
base probably remains the same. Observing the pore pressure behavior at the spudcan 
base, Figure 6.8a demonstrates that the total pore pressure still fell sharply at the onset 
of extraction with an intermittent suction drop occurred before the breakout point. At 
the same time, an intermittent drop of pore pressure was also observed at the spudcan 
top (Figure 6.8b). This suggests that only at this particular point is the positive excess 
pore pressure at the spudcan top able to transfer down to the base. The slow pressure 
transfer is likely due to the low permeability of the clay. The ineffectiveness of this 
method implies that the pressure transfer required to balance the anticipated suction 
should take place faster than the suction generation.   
6.6 Method C: Applying external pressure to spudcan base 
The drawbacks of the two previous methods have led to another alternative way in 
which the balancing pressure could be transferred fast and in a sustainable manner. 
This is only possible if the external pressure is constantly supplied through the spudcan 
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base and in turn readily transferred to the interface soil effectively with minimal 
potential of soil channeling. To cater for this, a method was proposed and aimed at 
balancing the extraction-induced suction develops at the spudcan base by externally 
supplying pressurized water to the spudcan base. This could be achieved through the 
use of an interface material which is able to transfer pressure more uniformly to the 
soil below the spudcan base in comparison with the conventional nozzles used in the 
water jetting system. This interface material is expected to spread the pressure to the 
surrounding area more effectively and at the same time preventing clay particles from 
clogging the outlet. One suitable interface material for this purpose is porous metal 
which is able to transfer pressurized fluids and retain certain size of particles 
concurrently. In addition, the porous metal has high strength to withstand the 
anticipated maximum compressive stresses incurred over the spudcan base during 
operation.  
6.6.1 Specific additional setup 
Figure 6.9 shows a schematic diagram of the overall model setup for testing the above-
mentioned scenario. Two additional components to the basic setup were introduced 
i.e., a water tank placed on top of the loading frame and a valve system. The model 
spudcan was modified to facilitate pressure transfers through the spudcan base. A 
series of total vertical pressure and pore pressure transducers were mounted at the top 
and bottom sides of the spudcan. In addition, a total of four pore pressure transducers 
were also positioned at several locations in the soil beneath the spudcan. Photographs 
of the test setup are presented in Figures 6.10 and 6.11.  
A more detailed cross section of the model spudcan is depicted in Figure 6.12a. 
Besides the two total vertical pressure transducers placed at the top side, a pressure 
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inlet was fixed through which the pressurized water from the water tank was 
transferred to the spudcan. To transmit the pressurized water from the single inlet to an 
array of outlets in a uniform manner, a chamber was provided inside the spudcan body. 
Direct pressure transfer from a single inlet via several conduits to each pressure outlet 
was avoided to prevent the concentration of pressure at some outlets. A pore pressure 
transducer was installed in the chamber to monitor the actual pressure applied in 
chamber.  
The base of the spudcan comprised a series of pressure outlets with two pore pressure 
transducers at the center and mid-radius (see Figure 6.12b). The pressure outlets at 
each quadrant were made of a triangular piece of 3-mm thick porous metal. The porous 
metal used is of Grade-A Sintercon© bronze which is identical to that used in Method 
B with properties summarized in Table 6.1. Each piece of the porous metal was 
covered with an aluminium plate consisting of six circular openings. This cover plate 
was detachable to allow a variation in opening area. As would be described later, three 
different cumulative outlet-areas were investigated i.e., 1%, 5%, and 10% of the 
projected spudcan base area. Given a total of 24 openings at the spudcan base, the 
corresponding area of a single outlet is thus 2.6, 5.6, and 8.0 mm for the 1%, 5%, and 
10% areas, respectively. The photograph of the model spudcan is presented in Figure 
6.13. 
To generate a certain level of pressure inside the chamber which in turn transferred to 
the outlets at the spudcan base, a water tank internally measuring 130 mm (L) x 130 
mm (W) x 150 mm (D) was mounted at a distance above the water table of the soil 
sample (see Figure 6.9). By doing so, a difference in water pressure head between the 
water level of the tank and spudcan base could be generated. As shown in Figure 6.9, 
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the water tank position could be varied to any level above the container flange in order 
to generate different levels of water pressure at the base of the spudcan. A flexible tube 
connected the water tank and the spudcan chamber through a valve. This valve 
regulated the transfer of pressurized-water from the tank to the spudcan. Throughout 
the installation and waiting period this valve was closed. Prior to extraction, the valve 
was opened by means of a hydraulic actuator allowing the water flowed from the tank 
down to the spudcan chamber.  
As shown in Figure 6.14, the flow rate characteristic of the porous metal was also 
determined using the model spudcan with 1% outlet area submerged in the container 
filled with water. While the water tank and spudcan positions were fixed, the water 
table position within the container was varied with respect to the spudcan level. In this 
manner, various pressure differentials between the pressure generated in the chamber 
and that outside the spudcan could easily be set. The flow rate of water could thus be 
deduced from either the pore pressure readings in the chamber or that in the water 
tank. The flow rate given in the figure was obtained from the time required to empty 
the volume of water in the tank normalized by the cumulative outlet area in the 
spudcan base, in this case 1%. The flow rate for a given pressure head differential is 
therefore in unit of cm3/sec/cm2. Figure 6.14 reveals that the flow rate increases 
exponentially with pressure differential.  
6.6.2 Test programs 
As established in Chapter 4, the maximum base suction for the given embedment depth 
and soil condition during spudcan extraction was about 200 kPa. Conceptually, the 
base suction should be able to be eliminated if the same amount of pressure is 
externally supplied to the spudcan base before the suction development. Besides the 
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magnitude of applied pressure, it is also believed that the area of the outlet also plays a 
part in determining the speed of pressure transmission to the interface soil. Hence, 
parametric studies on level of applied pressure and outlet area were conducted.  
At this stage of the study, a total of nine tests were performed to study the effect of 
applied-pressure level and pressure-outlet area on the spudcan breakout resistance. To 
study the effect of pressure-outlet area, the external pressure level supplied through the 
spudcan base was kept constant at around 200 kPa in excess of the hydrostatic pressure 
at the final penetration depth while the pressure-outlet area was varied at 1%, 5%, and 
10% of the projected spudcan base area. Likewise, to examine the effect of the 
applied-pressure level, the pressure-outlet area was maintained at 1% of the spudcan 
base area while the supplied pressure was varied between 0 to 300 kPa in excess of 
hydrostatic pressure at the spudcan base level. As listed in Table 6.2, a total of three 
tests were conducted to study the effect of pressure-outlet area with one test to check 
the repeatability of the test results. In Table 6.3, a total of six tests with various 
pressure levels constituted a parametric study on the effect of applied pressure on 
breakout force. It should be noted that Test ESO1 is identical to Test ESP4. The results 
of each test series will be compared to those of Test GS5 with the same testing 
configuration. The results of Test GS5 were taken as the bench mark on how far the 
proposed method is able to ease the extraction process. 
6.6.3 Typical test results 
In the present study, all the tests were conducted in 100g and thus the model spudcan 
corresponds to a prototype spudcan of 12.5 m diameter. The results of Test ESO2 are 
described in detail as an illustrative example. In this test, a pressure of around 200 kPa 
in excess of hydrostatic value was applied through a 5% outlet area. The corresponding 
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responses of Test GS5 are also presented as a comparison with a normal extraction 
case. 
6.6.3.1 Load-displacement curve 
The load-displacement curves of Tests ESO2 and GS5 for the entire typical simulation 
process i.e., (1) installation, (2) waiting period, and (3) extraction, are shown in Figure 
6.15. The load presented is the net load i.e., exclusive of the submerged weight of the 
spudcan. An identical spudcan installation procedure to that in the normal extraction 
tests (the first stage of the study) was adopted. The maximum installation load was 
28.5 MN for Test ESO2 and to 33.2 MN for Test GS5. At the target penetration depth 
of 19 m the load was reduced by 25% before being maintained for about 420 days for 
both tests. After identical simulations of installation and waiting period stages for the 
two tests, it is clearly seen that in Test ESO2 in which the external pressure was 
applied to the spudcan base throughout the extraction, the total uplift resistance 
reduced significantly, in this case by as much as 20 MN. It will be discussed later that 
the amount of reduction is in fact proportional to the level of applied pressure and area 
of pressure outlets. It is also found that for the two tests, the breakout were reached 
after a similar upward displacement i.e., about 1.9 m.  
6.6.3.2 Stress state during extraction 
The comparison between Tests GS5 and ESO2 in terms of total vertical pressures at 
the top, total pore pressures at the base of the spudcan and total pore pressures in the 
soil surrounding the spudcan throughout waiting period and the subsequent extraction 
are shown in Figures 6.16 to 6.18, respectively. The responses during the installation 
and waiting period were similar for both tests.  
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In terms of total vertical pressure at the top of the spudcan, Tests GS5 and ESO2 show 
fairly similar trend (see Figure 6.16). The total vertical pressures at the two locations, 
i.e. 0.5 (T2) and 0.8 radius (T1) from the spudcan center, increased and peaked after 1 
m uplift displacement. This similar behavior indicates that the application of external 
pressure at the spudcan base does not affect the soil on top. As the penetration depth 
and waiting period of both tests are identical, the small variation in overlying-soil 
resistance may be attributed to the minor variation in the soil shear strength between 
the two tests.  
On the contrary, substantial differences between the two tests are noted in terms of 
pore pressure responses at the spudcan base shown in Figure 6.17. For Test GS5, the 
pore pressures at the spudcan base, i.e. at the center (P1) and 0.5 radius (P2) from the 
center, reduced significantly upon extraction to a level far below the corresponding 
hydrostatic pressure at the spudcan base level. As described in Chapter 4, the largest 
pore pressure reduction typically occurs at the spudcan center and decreases radially 
outwards. In contrast to Test GS5, the pore pressures in Test ESO2 were always above 
the hydrostatic value throughout the extraction due to the application of external 
pressure of 210 kPa in excess of the hydrostatic pressure. This clearly shows that the 
applied pressure is able to prevent development of the extraction-induced suction at the 
spudcan base. It is also worth noting that the pore pressures at the two different 
locations at the spudcan base (P1, P2) in Test ESO2 are identical. This suggests that 
the applied pressure generates fairly uniform pressures at the spudcan base throughout 
the extraction. Unlike Test GS5 in which the suction developed in three distinct 
phases, a prominent peak of pore pressure reduction was hardly noted in Test ESO2.  
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In terms of total pore pressures in the soil beneath the spudcan (see Figure 6.18), the 
pore pressures in both tests suddenly dropped and peaked immediately after the onset 
of extraction. However, the pore pressure drop observed in Test ESO2 is around 200 
kPa lower than that in Test GS5. In other words, the drop of pore pressures in Test 
ESO2 terminated at a far larger magnitude after which the pore pressures increased 
back as the spudcan was further lifted. It is probable that the external pressure prevents 
further mobilization of the extraction-induced suction which otherwise may cause 
underlying soil to undergo significant drop in pore pressure and in turn lead to shear 
failure. 
Further interpretations of these results could be drawn from a detailed time history of 
load and pore pressure responses around the onset of extraction in Test ESO2, as 
demonstrated in Figure 6.19. In this particular test, the water pressure generated inside 
the spudcan chamber (P3) was about 210 kPa in excess of the hydrostatic pressure 
(about 430 kPa in total considering a typical hydrostatic pressure of 220 kPa at 
spudcan base level) with a pressure-outlet area of 5%. A sudden increase in total pore 
pressure was noted at the spudcan base between the point where the external pressure 
was first released and the point where the spudcan was initially extracted. At the 
spudcan center (P1), the external pressure increased the total pore pressure by about 50 
kPa while at the mid-radius (P2), a 30 kPa total pore pressure build-up was noticed. At 
this point, it is possible that the pressurized water discharged from the outlet is able to 
infiltrate the interface soil causing pore pressure build-up at areas surrounding the 
outlets. On the other hand, only very minor pore pressure build-up was observed at 
some locations beneath the spudcan when the external pressure was released. This 
indicates that the pressure applied to the base primarily affects the interface area and 
do not generate significant pressure build-up at other locations prior to extraction. 
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Upon the onset of extraction when the net vertical load was reduced to zero, an 
intermittent drop of pore pressure was observed at the spudcan base (P1, P2). At the 
same time, a drop of pore pressures occurred in the underlying soil and peaked 
immediately after the onset of extraction. It is worth noting that at this stage the pore 
pressure drop at each monitoring location beneath the spudcan is considerably similar 
to the corresponding maximum installation-induced excess pore pressure. This 
suggests that the pressure drop in the underlying soil is merely associated with the 
unloading process without any further influence from the subsequent extraction 
process as opposed to that in the normal extraction cases.   
After the intermittent drop of total pore pressure, the pore pressure transducers at the 
spudcan base registered the same magnitude throughout the remaining extraction 
process whereas those beneath the spudcan gradually resumed toward hydrostatic. At 
this stage, the latter seems independent of the extraction process occurring above. In 
other words, the remaining extraction process does not involve the underlying soil any 
more. It is possible that at this particular stage, the pressurized water is able to enter 
the interface and create a water region over the spudcan base. The similarity of the 
pore pressure magnitudes at the center and the mid-radius also enhances the 
postulation that at this point the pressurized water has been uniformly distributed over 
the spudcan base. This highly-pressurized water region may serve as a “buffer zone” 
which deters further development of suction. Once the suction is able to be balanced, 
the transfer of the tension stress to the underlying soil could also be terminated. Upon 
the subsequent stage of extraction, the supplied pressure is translated to positive excess 
water pressure acting over the spudcan base.      
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6.6.3.3 Equilibrium of forces in vertical direction 
As presented in Chapter 4, the net uplift resistance uQ  can be decomposed into two 
major components namely: (1) resistance above the spudcan top tQ  and (2) resistance 
below the base bQ . The arithmetic sum of the two components is found to agree well 
with the measured total resistance obtained from the load cell reading as shown in 
Figure 6.20a for Test GS5. As before, the resistance of the overlying soil was obtained 
from the average of the two total vertical pressures readings while the stress at the base 
was deduced from the pore pressure readings at the two locations. The average value 
was determined by integrating the measured values at the transducer locations over the 
respective circular area representative of each transducer.  
The same force equilibrium assessment as that for Test GS5 was also made for Test 
ESO2, as presented in Figure 6.20b. For normal extraction cases, the pressure at the 
base bQ  is essentially negative excess pore pressure or suction which resists the 
uplifting spudcan. However, when the applied external pressure is able to generate 
positive excess pore pressure at the spudcan base, this compressive water pressure will 
in fact push the spudcan upward. Considering the sign convention adopted in Chapter 
4 where downward resistances are regarded as positive, suction is thus denoted as 
positive force +bQ  while positive excess pore pressure at the spudcan base which acts 
upward becomes negative force −bQ . When the latter applies, the total uplift resistance 
uQ  is therefore smaller than tQ  according to the equilibrium equation btu QQQ +=  as 
depicted in Figure 6.20b. In this case, the predicted total resistance is in substantial 
agreement with the measured total resistance. This further verifies that the proposed 
equilibrium formula is valid. 
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6.6.4 Parametric Studies 
6.6.4.1 Effect of pressure-outlet area 
A series of tests were conducted to study the effect of pressure-outlet area, i.e. Tests 
ESP1~ESP4. The total area of pressure outlets at the spudcan base was varied at 1%, 
5%, and 10% while the external pressure to be applied was kept around 200 kPa in 
excess of the hydrostatic pressure at the spudcan base level. For the case of 5% outlet 
area, the same test was repeated without an array of total pore pressure transducers in 
the soil to validate the repeatability of the method and to check a possibility of drain 
path being present along the transducer cables. 
The variations of uplift resistance components for the tests with various pressure-outlet 
areas are presented in Figure 6.21. As expected, under the same applied pressure, the 
breakout force uQ  reduced with increasing outlet area. While the top soil resistance tQ  
remained considerably similar, the reduction in breakout force could therefore be 
attributed to the reduction of the spudcan base resistance bQ . It can be seen that for the 
test with 1% outlet area, minor suction was still present at the spudcan base whereas 
for the case of 5% and 10% outlet areas, the base resistance turned negative indicating 
that a pushing-upward force was acting on the spudcan base during extraction. The 
similar results between Tests ESO2 and ESO3 for the case of 5% outlet area 
demonstrate the consistency of the method. 
The percentage of breakout force with respect to maximum installation load ouu QQ /  
reduces to 45% and 25% for 1% and 10% outlet areas, respectively (see Figure 6.22). 
As established in Chapter 4, the top soil resistance is equivalent to around 40% of the 
maximum installation load for the given embedment depth and waiting period 
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simulated in this stage. In view of this, when the percentage of breakout force over the 
maximum installation load ouu QQ /  is lower than 40%, the total uplift resistance is 
literally the top soil resistance. 
Figure 6.23a plots the total pore pressure drop during extraction process measured at a 
location right after the valve. It is obvious that the pressure drop gradient increased 
with outlet area which is also reflected in the measured flow rate for each outlet area as 
shown in Figure 6.23b. The flow rate is determined from the rate of water drop in the 
tank. The reading of pore pressure transducer placed in the water tank enables the 
determination of water height in the tank throughout the pressure application. Given 
the water height at any point in time, the calculation of the rate of volume loss is thus 
possible given the constant tank area. It is therefore clear that under the same applied 
pressure, the increasing pressure at the spudcan base with a larger outlet area is 
associated with the higher water flow rate. If a given flow rate is able to create a 
“buffer zone” fast enough at the spudcan base, once the compressive stress on the 
spudcan base is released, suction is unlikely to develop under further extraction.   
The time histories of the pore pressure state at the center of the spudcan base (P1) 
around extraction time for various outlet areas are presented in Figure 6.24. For the 
outlet areas of 5% and 10%, a sharp increase in pore pressure of 25 and 60 kPa, 
respectively, is noted once the external pressure was applied. This indicates that under 
the same applied pressure, a larger outlet area may increase the size of the influenced 
area resulting in more water infiltrating over the spudcan base interface. Hence, the 
pore pressure build-up registered by the pore pressure transducer at the spudcan base 
center (P1) is possibly determined by the impingement area of the nearest outlets. The 
case of nil pore pressure build-up observed from 1% outlet area suggests that its 
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impingement area may not reach the transducer P1. As presented in Chapter 5, the 
interface soil immediately below the spudcan base comprises relatively weak soil as a 
result of plastic soil flow during penetration. It is possible that the pressure build-up 
due to potential water infiltration indeed takes place mainly between the spudcan base 
and the interface soil. 
At the onset of extraction, an intermittent drop occurred after which the total pore 
pressure gradually reduced as the spudcan moved upward (Figure 6.24). For the case 
of 1% outlet area, a minor intermittent drop was followed by the pore pressure drop 
below the hydrostatic value generating base suction. However, this drop is still far less 
than that for solid base spudcan (Test GS5). In contrast, in the cases of 5% and 10% 
outlet areas, the pore pressure after the intermittent drop remained above the 
hydrostatic value throughout the remaining extraction process. As discussed 
previously, the different phenomenon observed in the case of 1% outlet area may be 
attributed to a lack of water volume discharge from the outlets, associated with the low 
flow rate, required to develop a “buffer zone” over the spudcan base area at the onset 
of extraction. With regard to the intermittent drop at the onset of extraction, it is 
possible that this signifies a moment where the pressurized water breaks the interface 
soil over the spudcan base after which the water fully separates the spudcan base and 
the underlying soil. The equilibrium condition discussed in Section 6.6.3.3 also 
confirms that when the base suction has been overcome, the stress acting over the 
spudcan base is literally water pressure. 
Figure 6.25 shows that when the suction is already balanced since the onset of 
extraction, as in the cases of 5% and 10% outlet areas (Tests ESO2 and ESO4), the 
extraction-induced pore pressure reduction in the soil at a distance of B/2 below the 
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centerline of the spudcan (P5) is similar to the maximum positive excess pore pressure 
of around 100 kPa generated during installation (see Figure 6.18). If this is taken as the 
additional total vertical pressure incurred at P5 due to installation, it is probable that 
the pore pressure reduction around 100 kPa in the soil during extraction reflects the 
release of the installation stress. When base suction is not eliminated (Test GS5), the 
pore pressure reduction at P5 is far larger and reflected in the amount of suction at P1 
which is also around 250 kPa. As discussed in Chapter 4, the behavior of pore pressure 
reduction at P5 is somewhat related to that at P1. In Figure 6.25, the drop of total pore 
pressure at P5 for the 1% outlet area was about 20 kPa higher than those of 5% and 
10% cases. If the similarity in the behavior of P1 and P5 still prevails, it suggests that 
the same amount of suction may exist at the base of spudcan in the 1% case.  
A summary of pore pressure development at the spudcan base at three major instances 
i.e., the end of waiting period, right after applying the pressure, and at breakout, is 
presented in Figure 6.26. The magnitude of pore pressure is the average pore pressure 
over the projected spudcan base area which is fairly uniform for the cases with the 
application of external pressure. The diagram shows that the spudcans with 5% and 
10% outlet areas were able to generate some extent of positive excess pore pressures 
(with respect to the hydrostatic pressure) when breakout force was reached. For these 
particular tests, the applied pressure not only managed to balance off the extraction-
induced suction completely but also provides upward pressure at the spudcan base. As 
for the case of 1% outlet area (Test ESO1), it is interesting to note that the base suction 
of around 20 kPa was equal to the additional negative excess of pore pressure with 
respect to that due to the pure unloading process incurred at P5. This fact further 
enhances the postulation that the pressure at spudcan base centre (P1) strongly 
correlates with that at B/2 below (P5).  
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6.6.4.2 Effect of applied-pressure level 
The effect of level of external-pressure applied at the spudcan base on reducing the 
uplift resistance was examined by varying the external pressure from 0 to 300 kPa in 
excess of hydrostatic pressure at the spudcan base level. In this case, the pressure-
outlet area was kept at 1% of the projected spudcan base area considering that under a 
certain pressure this percentage is sufficient to reduce the base suction significantly as 
discussed in the previous section.  
The variation of uplift resistance components with respect to the applied pressure in 
excess of hydrostatic pressure at spudcan base level is presented in Figure 6.27. The 
reliability of the results has been verified by repeating some of the tests with similar 
applied pressure. It is apparent that while the top soil resistance was fairly constant, the 
reduction in breakout resistance was proportional to that of base resistance. It is 
interesting to note that simply connecting the spudcan base to the free water on top of 
the soil (Test ESP1) was found unable to reduce the base suction. In contrast, when the 
applied pressure was around 200 kPa in excess of hydrostatic pressure or larger, base 
suction could be eliminated. Figure 6.28 shows that with such a pressure level, the 
uplift resistance is about the same as the top soil resistance. This clearly suggests that 
base suction could be eliminated by applying pressures equivalent to the anticipated 
suction plus the corresponding hydrostatic pressure at the spudcan base level. In 
addition, the pressure should be applied with a water flow rate sufficient to create a 
“water region” below the spudcan at the onset of extraction, as discussed previously. 
Figure 6.29 presents the time history of the total pore pressure state at the base of the 
spudcan around the onset of extraction. With 1% outlet area, for Tests ESP1~ESP3 
where the external pressure was less than the total vertical pressure at the spudcan 
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base, there is hardly any change in pore pressure once the external pressure was 
released. Likewise, for Test ESP4 where the pressure applied is sufficient with the 
flow rate being slower than that required, only minor change is noticed. In these tests, 
total pore pressure at spudcan base instantly dropped below the hydrostatic value upon 
the subsequent extraction. On the other hand, in Tests ESP5 and ESP6 where the 
external pressure exceeds the total vertical pressure, a sharp pore pressure build-up of 
50 to 60 kPa was noted immediately after the external pressure was discharged. At the 
onset of extraction, the total pore pressure immediately fell to the hydrostatic value 
after which it sharply rose back by around 130 kPa from the initial value. Upon further 
extraction, the total pore pressure at the spudcan base reduced at the same rate as that 
of the hydrostatic pressure as the spudcan was being uplifted.  
Figure 6.30 corresponds to the pore pressure monitoring at transducer P5 or half a 
spudcan diameter (B) below the spudcan during extraction at various levels of the 
applied pressure. Similar to the corresponding behavior observed in the tests with 5% 
and 10% outlet areas (Tests ESO2 and ESO4), where there is a significant pore 
pressure build-up at the spudcan base immediately after the pressure application (Test 
ESO5), in the subsequent extraction the pore pressure drop at P5 is equal to the 
installation-induced maximum positive excess pore pressure of 100 kPa. At lower 
applied pressures, the pore pressure reduction at this location was larger and 
approaching 250 kPa when the applied pressure was equal to the hydrostatic value.  
It should be noted that at Tests ESP3 and ESP6, the array of pore pressure transducers 
beneath the spudcan was removed. This is aimed at ensuring that the performance of 
the method is not influenced by the presence of the transducers which potentially 
might create drainage paths with the cables. However, the results of these tests were 
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found to be similar to those of Tests ESP2 and ESP5 in which the applied pressure was 
fairly close even with the presence of transducers array beneath the spudcan. This fact 
excludes the possibility of free drainage paths being present below the spudcan.     
In the previous discussion, it was observed that the intermittent drop of pore pressure 
at the spudcan base took place when the net vertical load was equal to zero. This 
indicates that in this instance, the pressurized water attempts to equate the water 
pressure surrounding the spudcan; that is, the hydrostatic pressure, at the onset of 
extraction. The sudden increase in total pore pressure at the spudcan base occurring 
afterwards suggests that the pressurized water may have fully broken the interface soil. 
Based on the above-mentioned phenomena, it is reasonable to hypothesize that one 
indicative of having sufficient pressure and flow rate supplied to spudcan base is 
pressure build-up at the interface soil prior to extraction. It has been shown in Tests 
ESP5, ESP6, and ESO2~ESO5 that when the pore pressures at the interface could be 
substantially built-up prior to extraction, regardless of the pressure-outlet area the pore 
pressure at spudcan base could then be maintained around the corresponding 
hydrostatic value throughout the subsequent extraction.  
The summary of pore pressure development at the spudcan base at the three critical 
points during extraction is presented in Figure 6.31. The average pore pressure at the 
spudcan base at the end of waiting period for all the tests is similar, ranging from 255 
to 260 kPa as indicated by the square dot in the figure. The release of pressurized water 
generated a certain level of water pressure in the spudcan chamber in excess of 
hydrostatic pressure (typically around 220 kPa at the spudcan base level) represented 
by the triangular box. It is interesting to note that the final pore pressure at the spudcan 
base at the breakout point appears shifted by about 200 kPa from the water pressure 
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level in the spudcan chamber prior to extraction. In other words, base suction could be 
reduced proportionally by bringing the initial total pore pressure within the chamber to 
a higher magnitude which in turn be transferred to the interface soil below the spudcan 
with a rate faster than that of suction generation. Therefore, the basic concept of 
building-up pore pressure at the spudcan base to minimize suction as proposed in 
Figure 6.1 is proven valid when an external pressure is constantly supplied to generate 
a level of pore pressure build-up at the spudcan base.  
For the tests with much larger applied pressures than the contact stress over the 
spudcan base, the final total pore pressure at breakout is no longer shifted 
proportionally to the applied pressure but there exists a limit whereby the final pore 
pressure could not be higher. In Tests ESP5 and ESP6, it is apparent that the pore 
pressure at breakout remains about 60 kPa above the hydrostatic pressure. This 
indicates the maximum applied water pressure that can be retained by the soil below 
the spudcan in equilibrium.  
6.6.5 Qualitative assessment on potential hydraulic fracturing 
Further study needs to be pursued to examine the potential of hydraulic fracturing or 
soil channeling when the applied water pressure exceeds a certain level. Without going 
into details, a brief discussion is presented here to offer an insight into the possibility 
of hydraulic fracturing below the spudcan when a certain water pressure is applied.  
Based on the possibility of soil failure due to an increasing hydraulic pressure in a 
borehole reported by Overy & Dean (1986), the existing theories can be categorized 
into two types as follows: 
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a. Fracture propagation: this occurs when minor principal stress is overcome and 
cracks are opened in the soil surrounding borehole; 
b. Plastic flow: this occurs when the difference in two of the orthogonal stress 
causes shear failure and the resulting high strains in the soil will increase the 
borehole radius 
In the present study, it is possible that plastic yields occur at the interface soil directly 
below spudcan upon pressure application. Given the soft material trapped over the 
spudcan base and high contact stress induced by the vertical load acting on the 
spudcan, the hydraulic pressure will have a tendency to expand the influence radius of 
the individual pressure outlet. Overy & Dean (1986) postulated that the hydraulic 
pressure fσ required to overcome the radial stress is given as 
 uovof c2uK ++′⋅= σσ  (6.1) 
As such, if the shear strength of the interface soil directly below the spudcan was 
presumed low, the minimum pressure required to generate plastic flow in the interface 
soil may be of similar level to contact stress over the spudcan base plus the hydrostatic 
pressure. Provided that sufficient water flow rate is supplied, Eq 6.1 implies that such a 
pressure level should be able to generate plastic flow and expand the total pore 
pressure build-up over the spudcan base. This may account for the behavior of total 
pore pressure in Tests ESP5, ESP6, and ESO2~ESO5 where a pore pressure build-up 
was observed when the pressurized water equivalent to the contact stress and 
hydrostatic pressure was applied at the spudcan base prior to extraction.  
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6.7 Overview of Proposed Extraction Concept 
A schematic diagram showing a summary of the extraction method proposed in the 
present study is presented in Figure 6.32. The typical behavior of pore pressure at the 
spudcan base and in the soil below the spudcan centerline at a few critical stages 
around the onset of extraction is illustrated schematically. In general, if the applied 
pressure is greater than the contact stress and the hydrostatic pressure on the spudcan 
base with a sufficient water flow rate, a build-up of pore pressure would be observed at 
the spudcan base. This indicates that the pressurized water may be able to infiltrate and 
generate soil flow in the interface soil.  
When the maintained compressive load on the spudcan base is released, the pore 
pressure at the spudcan base would drop to the hydrostatic value while those at the 
underlying soil are immediately reduced. At the onset of extraction, an instant rise in 
total pore pressure takes place at the spudcan base which is possibly an indicative of 
water breaking the interface. If the extent of the pressurized water is able to completely 
overcome the suction, the total pore pressure reduction in the underlying soil is similar 
to the installation-induced maximum excess pore pressure. This suggests that at this 
stage a water region may have developed between the spudcan and the underlying soil. 
This “buffer zone” neutralizes the extraction-induced suction as well as terminates the 
transfer of uplift stress to the underlying soil. At this stage, the behavior of total pore 
pressure in the soil below the spudcan becomes no longer dependent of extraction 
process. 
Upon further extraction, a uniform total pore pressure distribution is generated which 
constitutes the main component of stress acting on the spudcan base as shown by the 
force equilibrium assessment. The fact that at this stage the base pressure is the same 
Chapter 6 A proposed method for easing spudcan extraction in clay 
 267 
as water pressure further enhances the possibility of a water region being present 
below the spudcan. 
At breakout, it appears that the final pore pressure at the spudcan base has been shifted 
in proportion to the amount of applied external-pressure. In other words, a given 
amount of suction could be eliminated by supplying the same amount of external 
pressure plus the hydrostatic pressure to the spudcan base. Applying a higher pressure 
than the anticipated suction would produce a compressive pressure at the spudcan base. 
However, the compressive water pressure at the spudcan base may be limited by the 
shear strength of the soil before hydraulic fracturing occurs in the soil. Besides 
pressure level, a sufficient water flow associated with a large enough total outlet area is 
required to instantly transfer and distribute the pressurized water uniformly over the 
spudcan base which otherwise will allow suction to develop faster. 
6.8 Summary 
A centrifuge model study has been carried out in an attempt to invent more effective 
ways of extracting spudcans in soft clay. Based on the major findings established in 
Chapter 4, three possible concepts of minimizing base suction were tested and 
evaluated. It was found that in order to compensate the extraction-induced negative 
excess pore pressure, a sustainable and fast supply of pressurized water is required. 
Implementing this concept, one method was proposed in which external pressurized-
water was transferred to a chamber within the spudcan with the use of porous metal for 
pressure outlets. In order to evaluate the performance of this method, the effects of 
pressure-outlet area and applied-pressure level were examined from which several 
major findings were established. 
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The key element of minimizing extraction-induced suction is to provide an externally 
supplied balancing pressure of at least the same amount as the anticipated suction plus 
the hydrostatic pressure to the spudcan base with a sufficient water flow rate. In the 
present study, generating a certain level of water pressure in excess of the hydrostatic 
pressure in the chamber inside the spudcan with the use of porous metal as outlets is 
found to be effective to transfer the pressurized water to the interface soil directly 
below the spudcan with minimum potential of channeling. The presence of the 
chamber is aimed to distribute the pressure uniformly as well as to compensate uneven 
distribution of pressure among the outlets.  
Despite being proven successful in the laboratory, further research is essential to 
examine the mechanics of pressure transfer to the underlying soil. Such an analysis 
will enable optimization of the pressure-outlet arrangement outfitted over the spudcan 
base. In addition, the effect of soil permeability on the performance of the proposed 
method should also be investigated in view of the difference in permeability 
characteristics between kaolin clay used in the present study and the actual marine 
clay.  
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Table 6. 1  Properties of Grade-A Sintercon© bronze porous metal 
Parameter Value Unit 
Particle retention 3-6 μm 
Minimum material thickness 1.5 mm 
Permeability 1.0 10-8 cm2 
Airflow at 0.1 bar pressure 
differential at minimum thickness 35 cm
3/sec/cm2 
Waterflow at 1 bar pressure 
differential at minimum thickness 6 cm
3/sec/cm2 
 




max. installation load 
(MN) 
Prototype  
penetration depth  
(m) 
Ratio of pressure 
 outlet over base  
area 
ESO1* 30.4 18.8 1 % 
ESO2 29.5 18.4 5 % 
ESO3 29.0 18.3 5 % 
ESO4 28.5 18.8 10 % 
Remark:  Spudcan diameter (B)  = 12.5 m 
 Waiting period ≈ 1 year  
 Applied pressure ≈ 200 kPa in excess of hydrostatic pressure at final  
 spudcan depth 
 * identical to Test ESP4 
 




max. installation load  
(MN) 
Prototype  
penetration depth  
(m) 
Applied pressure in 
 excess of hydrostatic  
pressure (kPa) 
ESP1 32.5 18.6 0 
ESP2 31.5 19.0 78 
ESP3 31.2 19.1 85 
ESP4* 30.4 18.8 174 
ESP5 33.2 18.4 272 
ESP6 32.1 18.7 295 
Remark:  Spudcan diameter (B)  = 12.5 m 
 Waiting period ≈ 1 year  
 Ratio of pressure outlets over the base area = 1 % 
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Figure 6. 2  Load-displacement response of Test AS1 (Method A) 
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Figure 6. 4  Schematic diagram of model spudcan with top-base porous connection and its 
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(b) Example of pressure outlet arrangement at spudcan base for 5 % outlet area 
Figure 6. 12  Schematic of modified model spudcan (all dimensions in mm) 
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(a) perspective view 
 
  
   
(b) bottom view 
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Figure 6. 15  Load-displacement responses for Tests GS5 and ESO2 
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Figure 6. 16  Comparison of total vertical stress at spudcan top between Tests GS5 and ESO2 
during waiting period and extraction 
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Figure 6. 17  Comparison of total pore pressure at spudcan base between Tests GS5 and ESO2 
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Figure 6. 18  Comparison of total pore pressure at soil below spudcan between Tests GS5 and 
ESO2 during waiting period and extraction 
 
 

























































































     
Figure 6. 19  Record of applied net vertical load and pore pressures at spudcan and some 
locations beneath spudcan around onset of extraction at Test ESO2 
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Figure 6. 20  Variation of uplift resistance and its component during extraction:                          
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Figure 6. 21  Variation of uplift resistance components for various pressure outlet areas under 
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Figure 6. 22  Variation of breakout-installation load ratio for various pressure outlet areas 
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    (a) total pressure drop at valve                                     (b) water flow rate 
Figure 6. 23  Water flow characteristic at various outlet areas 
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Figure 6. 24  Record of average pore pressure at spudcan base for various pressure outlet areas 
under an applied pressure of 200 kPa in excess of hydrostatic pressure  
 
 






































Figure 6. 25  Variation of pore pressure at half a diameter below spudcan (P5) during 
extraction for various pressure outlet areas under an applied pressure of 200 kPa in excess of 
hydrostatic pressure 
 




1 2 3 4 5 6 7 8 9 10



















End of waiting period (base)






Figure 6. 26  Summary of pore pressure development at spudcan for various pressure outlet 
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Figure 6. 27  Variation of uplift resistance components for various applied pressures at 
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Figure 6. 28  Variation of breakout-installation load ratio for various applied pressures at 












































Figure 6. 29  Record of average pore pressure at spudcan base for various applied pressures at 
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Figure 6. 30  Variation of pore pressure at half a diameter below spudcan (P5) during 
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Figure 6. 31  Summary of pore pressure development at spudcan for various applied pressures 










Figure 6. 32  Summary of proposed extraction method 
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Complementing the findings established in earlier chapters, further assessments were 
made in the present study with particular attention to the resistance above and beneath 
the spudcan. In addition, the phenomena observed in previous chapters were further 
interpreted to evaluate the assumption of reverse bearing capacity failure for spudcan 
extraction.      
7.2 Assessment of Undrained Shear Strengths 
The determination of undrained shear strength surrounding the spudcan at various 
locations and stages is critical for an accurate evaluation of the ultimate soil resistance 
associated with spudcan extraction. In the present study, a series of shear strength 
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profiling tests were conducted using T-bar penetrometer. As described in Chapter 3, T-
bar is considered a simple but accurate shear strength profiling tool for soft clay as it 
produces a full flow mechanism. Unlike cone penetrometer, T-bar eliminates the need 
to make correction for overburden stress and directly measures the bearing resistance 
with a well-established bearing factor TbarN  thus improving the reliability of its results. 
In this experiment, the penetration rate of T-bar was chosen at 3 mm/sec to ensure that 
undrained condition prevails in the kaolin clay specimen according to the 
dimensionless velocity group proposed by Finnie (1993) as expressed in Eq. (3.21).   
7.2.1 Test Program 
The test program is summarized in Table 7.1. Each shear strength test comprised two 
stages, i.e. after consolidation of the sample and during spudcan simulation. In the 
former, a 4-cycle T-bar test was conducted after the specimen reached a full 
consolidation state during in-flight consolidation. The first cycle was aimed to obtain 
the undisturbed shear strength while the subsequent cycles were for the remolded soil 
strength. Subsequently, a period of self weight reconsolidation was allowed at the end 
of which another 4-cycle T-bar penetration was conducted at the same location. By 
doing so, the gain in soil shear strength after a certain spudcan waiting period could be 
determined.  
During the second stage, the shear strengths surrounding the spudcan were profiled at 
three different locations, i.e. 0.4B from the spudcan centre, 0.25B and 0.50B from the 
spudcan edge immediately after installation and after a 400-day waiting period, see 
Figure 7.1. These tests were aimed at identifying the change in shear strength primarily 
owing to spudcan installation and the subsequent waiting period. In one test with the 
same waiting period, the shear strength along the spudcan centerline was characterized 
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with the spudcan being removed beforehand. Figure 7.1 shows the layout of T-bar test 
locations for all the tests. 
7.2.2 Shear strength test results 
Figure 7.2 presents a set of undrained shear strength profile variations at different 
locations from immediately after installation to at the end of the 400-day waiting 
period. It should be noted that the shear strengths were obtained by taking an average 
T-bar factor TbarN  of 10.5 as recommended by Stewart & Randolph (1991). In Figure 
7.2a, the undrained shear strength of the undisturbed sample for all tests indicates an 
average rate of strength increase of 1.5 kPa/m beneath a depth of 6 m. The first 4~6 m 
of the top layer was in a lightly overconsolidated state due to the surcharge pressure of 
20 kPa applied during preconsolidation of the sample in unit gravity (see Chapter 3). 
These consistently similar undisturbed shear strength profiles facilitate a fair 
comparison among the tests. 
The change in undrained shear strength of the soil above the spudcan (0.4B from the 
centerline) during simulation is shown in Figure 7.2b (Test SS1). Immediately after the 
spudcan installation, the shear strength at this location reduced significantly with 
depth. As an example, the reduction in strength is around 33% with respect to the 
undisturbed one at a depth of 16 m. This is expected as the soil underwent significant 
remolding during the spudcan penetration. It should be noted that in this instance, the 
soil at the measurement point was about 2 m below the original level. At a different 
position with the same distance from the spudcan center (see Figure 7.1), another T-bar 
test was conducted 400 days later. The soil was found to gain strength by some 
20~30% at all depths.  
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In Test SS2, less extent of soil disturbance was observed at 0.25B from the spudcan 
edge as shown in Figure 7.2c. However, at this location, non-homogeneity of shear 
strength along the depth is more apparent. As revealed in Chapter 5, the extent of 
lateral deformation induced by the localized soil flow around the spudcan edge 
reduced with penetration depth with an average of 0.25B from the edge. This may 
account for the variation of shear strength profile at this location. An increase in shear 
strength was observed at the elevation of final spudcan depth and below indicating the 
influence of soil compression imposed by the vertically-loaded spudcan. Like the shear 
strength near the spudcan edge (Test SS1), the gain in shear strength was apparent after 
the 400-day waiting period shifting the profile slightly greater than the undisturbed 
state and showing a rise of 10~20 kPa at soil elevations below the spudcan base. It 
should be noted that during the waiting period, the maintained vertical pressure over 
the spudcan base was about 200 kPa in excess of the hydrostatic pressure. Besides soil 
reconsolidation, the shear strength increase at this area may also be influenced by the 
applied pressure at the spudcan base. 
At 0.5B from the spudcan edge (Test SS3 and Figure 7.2d), the shear strength profile 
immediately after the spudcan penetration is fairly similar to the undisturbed one 
except for the first 4-m and beneath the spudcan base elevation. In Chapter 5, it was 
clearly shown that in the initial stage of penetration (up to 4 m), the advancing spudcan 
imposed a larger extent of lateral disturbance associated with shallow bearing capacity 
failure mechanism (see Figure 5.8). Therefore, some degree of shear strength 
deterioration still occurred in the lightly overconsolidated top layer. Beneath the final 
spudcan elevation, the slight increase of about 5 kPa can be attributed to minor 
additional stress induced by the spudcan immediately after installation. 
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In Test SS4, the shear strength test was carried out along the centerline of spudcan 
with the spudcan being removed beforehand. The profile shown in Figure 7.3 suggests 
that the soil below the spudcan gained substantial shear strength during the 400-day 
waiting period. The actual shear strength below the spudcan at the end of the waiting 
period may have been larger than that measured in this test in view of the disturbances 
associated with the preceding spudcan extraction and removal. Major difficulties in 
determining shear strength directly below the spudcan experimentally has led to an 
adoption of numerical modeling results to evaluate the gain in shear strength below a 
vertically-loaded spudcan (Zhou, 2006). This will be elaborated on a later section of 
this chapter.         
7.3 Assessment of Soil Resistance above Spudcan 
7.3.1 Gain in soil strength after reconsolidation 
It is essential to determine the undrained shear strength of the soil after a period of 
reconsolidation following spudcan installation. The availability of shear strength 
information at a given point in time above the spudcan would enable the estimation of 
soil resistance above the spudcan during extraction after a certain waiting period. As 
reported in Section 7.2, a series of T-bar tests were conducted to evaluate the gain in 
shear strength after various periods of reconsolidation with respect to that of fully 
remolded state.  
Figure 7.4 shows a typical result of cyclic T-bar test on the undisturbed normally 
consolidated kaolin sample. After a 4-cycle penetration, a fully remolded state of the 
soil was achieved indicated by the stable T-bar response at the end of the cycle. With 
the kaolin used in the present study, it was found that four cycles of penetration-
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extraction was sufficient to reproduce the final degradation of the soil. The fully 
remolded shear strength obtained after 4 cycles is found to be 0.67 times the 
undisturbed soil strength for both penetration and extraction. In fully undrained 
conditions, this ratio can be considered as the inverse of sensitivity (Einav & 
Randolph, 2004). This implies that the kaolin clay has a low sensitivity value of 1.5 
which is reasonable for reconstituted kaolin clay. The sharp increase of response at 
lower depths is likely attributed to the soil plug underneath the T-bar being dragged 
down during the penetration cycles. 
At the same location, another 4-cycle T-bar penetration was employed after a 400-day 
waiting period as presented in Figure 7.5. It is apparent that after the first full 
remolding, the soil became far less sensitive against cycles of penetration-extraction as 
indicated by the minor variation in shear strength in all the cycles. However, an 
increase in shear strength from 1.0 kPa/m to 1.23 kPa/m was noted. This suggests that 
the 400-day reconsolidation raised the shear strength by about 23%. This result is 
verified by that of Test SS1, performed 0.4R from the spudcan centerline above the 
spudcan, which shows that the gain in shear strength after the 420-day waiting period 
was about 20%~25% (Figure 7.2b).  
An empirical correlation between reconsolidation period and ratio of increase in shear 
strength after a certain reconsolidation period over that of fully remolded state can be 
established from the cyclic T-bar tests (Table 7.1) results. As shown in Figure 7.6, it 
can be seen that the ratio of shear strength gain increases with time. After an 840-day 
reconsolidation period or 2 hours in model time, the ratio is about 1.25. In the next 
section, this result will be used in the prediction of soil resistance above the spudcan 
during extraction after a certain waiting period.  
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7.3.2 Prediction of soil resistance above spudcan 
The existing solutions on uplift of horizontal anchors and the estimate of shear strength 
as a function of waiting period established earlier would enable the prediction of the 
ultimate soil resistance above the spudcan during extraction in the present study. The 
solutions of Merifield et al. (2001, 2003) were adopted to calculate the ultimate soil 
resistance above the spudcan. Besides providing a similar failure mechanism with that 
observed in the present study under the given soil condition (see Figure 5.28), their 
rigorous solutions allow the consideration of non-homogeneous shear strength and 







DSN co 2ln56.2  (7.1) 
where S = shape factor as illustrated in Figure 2.18, D = embedment depth, and B = 
anchor diameter or in this case the spudcan diameter.  
The shear strength profile at the top layer has been simplified with a truncated uoc  on 
the artificial soil surface at 3 m below the original soil surface, as illustrated in Figure 
7.7a. For an average of 18.5-m deep embedded spudcan, the equivalent depth above 
the spudcan with respect to the artificial soil surface tD  is hence 13.5 m, as illustrated 
in Figure 7.7b. In this case, the average embedment depth of 13.5 m yields a D/B = 1.1 
which corresponds to S = 2 according to Figure 2.18. Given these parameters, 
according to Eq. (7.1) an anchor factor coN  of 3.94 can be obtained. 
To take into account the non-homogeneity of the shear strength, the breakout factor 
coN  is then corrected as follows,  
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ρ  (7.2) 
where ρ = rate of shear strength )/( dzdcu and uoc = undrained shear strength at the 
ground surface. These two parameters were estimated from the initial parameters at the 
onset of waiting period (t = 0), i.e. ρ = 0.76 kPa/m and =uoc 6.5 kPa (Figure 7.7a), and 
both were assumed to increase proportionally with the shear strength gain ratio given 
in Figure 7.6 for itt = . Given the constant S, D, and B, the above formula leads to a 
constant ρcoN of 6 for all waiting periods while uoc  increases in proportion to the shear 
strength gain ratio. The ultimate resistance of the top soil can therefore be determined 
as, 
 )( tcouot DNcAQ ⋅′+⋅= γρ  (7.3) 
where A  = projected spudcan area, uoc = undrained shear strength at surface, ρcoN = 
anchor factor for circular shape and non-homogeneous shear strength profile, γ ′= 
effective unit weight of soil directly above spudcan, tD  = average height of soil 
column above spudcan. 
The prediction obtained from the formula in Eq. (7.3) was found to overestimate the 
measured ultimate top soil resistance. However, by scaling down the estimated shear 
strength to 70%, the measured top soil resistance in the full spudcan tests (Tests 
GS1~GS6) lie between a lower bound where =′γ 5 kN/m3 and an upper bound where 
=′γ 6 kN/m3, as demonstrated in Figure 7.8. These two bounds were presented 
considering the difficulty in determining the increase in effective unit weight of the 
soil as a function of consolidation time. At fully remolded state, the effective unit 
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weight of 5 kN/m3 is assumed whereas =′γ 6 kN/m3 is the original value which is 
assumed to have been recovered after a long reconsolidation period. For the two 
extreme conditions, these bounds considerably fit the measured top soil resistance 
reasonably well.  
Apart from the reliability of the adopted anchor formula, the reduction of undrained 
shear strength by as much as 30% for the use in Eq. (7.3) to match the measured top 
soil resistance could be attributed mainly to difficulty in obtaining a section above the 
spudcan along which the most critical shear strength exists during extraction. This is 
associated with the non-homogenous shear strength vertically above the spudcan as 
well as the radial variability of the shear strength from the spudcan centerline. The 
critical shearing plane may extend along the interface between the relatively 
“undisturbed” and the heavily remolded zones which boundary is not well defined. As 
such, the shear strength profiling at 0.4B from centerline may not capture the critical 
shear strength in the uplift mechanism of the spudcan. In addition, the presence of soft 
soil wedge above the spudcan formed during spudcan installation process may also 
introduce discrepancy with the assumption of laterally uniform shear strength normally 
made in formulas for predicting the anchor capacity.  
Another possibility is associated with the simplification in the adopted anchor solution 
where lateral shear strength variation is normally not taken into account. Therefore, the 
applied reduction factor perhaps compensates for the lateral variation in shear strength 
that can not be captured by the anchor solution and the difficulty in obtaining the most 
critical section whereby the corresponding undrained shear strength governs the 
ultimate shear resistance during uplift. It should be noted that the “correction” factor of 
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70% may only be applicable under the shear strength condition simulated in the 
present study and therefore further study is required to verify this issue.   
7.4 Assessment of Soil Resistance beneath Spudcan 
7.4.1 Drag down of soil below spudcan and its implication 
It has been observed in Chapter 5 that some amount of soil was dragged down below 
the spudcan during the continuous penetration. In this section, this phenomenon is 
examined further by evaluating the soil movement patterns at and beneath the 
elevation of final penetration depth of the spudcan using the results of Test PS02. A 
mesh of patches was set over the prescribed area of interest on which PIV analysis 
were carried out to quantify the corresponding deformations induced by the penetrating 
spudcan from the soil surface to the target penetration depth. After photogrammetry 
correction, the cumulative soil movements with vector magnification factor = 1 when 
the spudcan reached D/B = 1 and D/B = 1.44 are presented in Figures 7.9a and 7.9b, 
respectively.  
At spudcan penetration of D/B = 1 or 5.5 m above the target depth, an element of soil 
at the target depth at the spudcan center experienced a primarily downward 
displacement of approximately 0.75 m. Further away from the center, the soil 
movements gradually rotated away from the spudcan. When the spudcan reached the 
final penetration depth of 18 m, the soil which was originally at this elevation had 
displaced downward by about 3 m. This suggests that in between the spudcan base 
level and the displaced original soil at this level (or called “native soil” hereafter), 
some soil above the spudcan has been dragged down to beneath the spudcan. The 
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corresponding artificial strip deformations are also demonstrated in Figure 7.9 to 
reveal a clearer pattern of the deformation.  
It is believed that the dragged-down soil is subjected to very high strains during 
continuous spudcan penetration. As a result, some degree of shear strength difference 
is likely to be present at this heavily remolded soil zone as compared with that of the 
“native” soil. Figure 7.10 reveals that upon extraction following the 419-day waiting 
period, the “native” soil appeared stiffer compared to the dragged-down soil. A 2-m 
spudcan uplift displacement to reach breakout point only mobilized the “native” soil to 
move upward by 1 m. It should be noted the result was obtained from a continuous 
PIV analysis conducted from the onset of installation, waiting period, to the breakout 
point without remeshing of the analysis patches.   
Figure 7.11 shows the trajectories of soil movements beneath the spudcan final 
penetration depth from the onset of extraction to breakout point at Test PS02. For this 
analysis, a new mesh was set on the image corresponding to the onset of extraction 
from which the PIV analysis was conducted through the subsequent images. In the 
figure, the initial and final locations of the “native” soil are also incorporated as 
represented by the dashed and solid black lines, respectively.  
It is clearly shown that during extraction following the 419-day waiting period, the 
underlying soil was still in contact with the spudcan base within a 70% radius at 
breakout. This “bonding” is consistent with the fact that significant suction at the 
spudcan base was still present at this stage (see Figures 4.12 or 5.5). It should be noted 
that the suction breakdown typically occurs slightly later than the ultimate total uplift 
resistance, as revealed in Chapter 4. This bonded-base condition also suggests that the 
dragged-down soil extending between the spudcan base and the “native” soil had 
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gained significant shear strength during the waiting period such that it could withstand 
uplift stress without incurring shear failure upon some uplift displacements before 
breakout.  
As also illustrated in Figure 7.11, plastic soil flow had been mobilized from the top of 
spudcan down to the area in the vicinity of base periphery, beyond 70% radius of the 
spudcan base. If base suction is associated with soil resistance against uplift, this 
finding is consistent with the fact that the measured total pore pressure on 0.9 radius at 
the spudcan base peaked faster during extraction with a considerably lower magnitude 
compared to those closer to the center, as indicated by transducer P5 in Figure 4.12. It 
is possible that the significant pore pressure differential between the spudcan top and 
base induced by extraction is translated to the soil flow around the spudcan edge or 
near-periphery area. The stiffer response of the “native” soil compared to the dragged-
down soil is also more apparent, as shown by the deformation of the artificial strips in 
Figure 7.11, i.e. change from the dashed black line to the solid one. Upon further 
extraction, separation occurred gradually as indicated by the sudden drop of base 
suction following the shear failure in the underlying soil and the growth of the soil 
flow toward the spudcan centerline, as shown in Figures 5.26 and 5.27. 
A different phenomenon was observed in Test PS01 where the immediate extraction 
was executed following the spudcan installation. This situation implies that prior to 
extraction, the dragged-down soil was still in heavily remolded condition or perhaps at 
its weakest state. With nil waiting period, a total separation between the spudcan base 
and the-were underlying soil had occurred upon breakout, as shown in Figure 7.12. 
The soil below the spudcan at breakout is in fact the soil flow from the top of the 
spudcan. As discussed in Chapter 5, the extraction process in the immediate extraction 
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case was characterized by a gradual development of plastic soil flow from the top to 
the base of the spudcan starting from the edge towards the center when separation 
progressed (see Figure 5.32). The absence of a pronounced peak base suction during 
extraction in this test seems reasonably related to these gradual processes in contrast to 
the abrupt suction breakdown due to shear failure of the underlying soil, as observed in 
Test PS02. 
7.4.2 Verification of reverse bearing capacity assumption      
Figure 7.13 replots the velocity field focused on the area below the spudcan at 
breakout point during extraction following a long waiting period (Test PS02). If it is 
assumed that the shallow conical base of the spudcan could be reasonably 
approximated by a flat circular base for the case of uplift, an inverted full Prandtl-type 
or Hill-type mechanism as expected from a reverse bearing capacity assumption does 
not seem to appear. However, immediately below the right-half of the spudcan, a 
distinct slip line extends from the spigot tip curved down to about 0.3B below the right 
spudcan-edge. At the left portion, this shear failure mechanism appears less evident 
though fairly similar soil movement pattern to that at the right portion was still 
observed.  
Besides this mode of deformation, a triangular soil wedge can be fairly marked 
extending half a diameter below the spudcan at the center with a slope of about 45° 
from the spudcan edge to the depex of the wedge. It is interesting to note that the slip 
plane extends within the region of dragged-down soil and restrained by the interface 
between this soil and the “native” soil. As plotted in the figure, the interface at 
breakout is marked by the black solid line, which apparently coincides with the lower 
portion of the well-defined slip line. The shear failure was immediately followed by 
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suction breakdown over the spudcan base as indicated by the pore pressure 
measurement at spudcan base (Figure 5.5). In this instance, it is possible that the base 
suction could instantly dissipate through the fractures induced by the shear failure. 
The absence of a reverse bearing capacity mechanism below the spudcan may be 
attributed to the presence of the relatively weak interface soil directly below the 
spudcan which localized the failure mechanism. In addition, it is also possible that the 
uplift loading mechanism adopted in the present study contributes to the resulting 
failure mechanism. As pointed out by Rapoport & Young (1985), a general soil failure 
would occur if the applied load is sufficiently large to cause breakout immediately 
after it is applied. On the other hand, when the applied load is less than that, a local 
soil failure is likely to occur close to the interface owing to partial suction dissipation 
over the object base. With respect to the observation in the present study, the gradual 
uplift load induced by a constant upward displacement might account for the absence 
of general soil failure mode without ignoring the possibility of the actual shear band 
partially being obscured within the soil behind the viewing window. Though the 
loading is gradual, however, it is considered “rapid” enough to preserved undrained 
condition according to Eq. (3.21).  
Despite a distinct existence of well-defined slip plane in the soil below the spudcan at 
breakout, the validation of reverse bearing capacity failure mechanism in extraction of 
shallow embedded spudcans remains unconvincing. However, it is evident that the 
breakout mechanism observed in the present study does involve soil failure occurring 
within the interface soil with the exception of the immediate extraction case where the 
peak base suction is essentially a full development of plastic soil flow surrounding the 
spudcan. However, it is interesting to note that the full plastic soil flow at the peak 
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suction (Test PS01) was also localized within the interface soil as shown in Figure 
7.14. This finding further highlights the importance of dragged-down soil or trapped 
soft soil below the spudcan to the breakout mechanism upon extraction. 
7.4.3 Potential correlation between shear strength and base suction          
The fact that base suction increases with dissipation of pore pressure below the 
spudcan during waiting period suggests that the base suction may be associated with 
undrained shear strength of the underlying soil. It is therefore attempted to assess 
whether undrained shear strength could provide a reasonable estimate of base suction 
induced during spudcan extraction with the tentative recognition that the assumption of 
inverse bearing capacity failure mechanism may somewhat be valid.    
In Table 7.2, various ratio of suction force over undrained shear strength for clays 
recommended by several researchers are summarized. This ratio is termed suction 
factor hereafter. It seems that the existence of the fairly wide range of suction factor is 
attributed to the different methods of quantifying suction or variation in uplift rate. 
Furthermore, it may also be due to the limitation of 1g test condition suffered by most 
studies where the overburden stress has not been properly simulated and the high 
potential of base cavitation during uplift that limited the resulting suction force. 
However, in the studies where reverse bearing capacity failure was postulated (e.g. 
Byrne & Finn, 1978; Rapoport & Young, 1985; Craig & Chua, 1990b; and Rattley et 
al., 2005), the range of breakout factor narrows down to 6~7.   
In this assessment, it was attempted to deduce the suction factor with undrained shear 
strength data of the soil below the spudcan prior to extraction and the measured base 
suction force. While overburden stress at the spudcan base level can reasonably be 
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assumed, in view of the difficulty in determining the undrained shear strength below 
the spudcan experimentally, the shear strength data would be obtained from the results 
of finite element analysis performed by another PhD student Zhou (2006) for this 
assessment. 
7.4.3.1 Estimation of undrained shear strength below spudcan 
Zhou (2006) carried out a finite element analysis to simulate the breakout process of 
spudcan fully embedded in soft clay. This non-linear axisymmetric model adopted an 
enhanced finite element method in the consolidation analysis which enables an 
accurate prediction of collapsed loads in elasto-plastic undrained problems and avoids 
the potential oscillation of nodal excess pore pressure when reaching undrained 
condition. In the analysis, the same spudcan operation process and testing conditions 
as that in the present study were back-analyzed with the finite element mesh shown in 
Figure 7.15. Using this model, a specific analysis was carried out primarily to 
determine the equivalent undrained shear strength of soil below the spudcan after a 
given waiting period under a certain maintained vertical load which in this case set to 
be 75% of the maximum installation load. For this particular objective, the following 
finite element analysis sequence is followed: 
1) The spudcan is assumed to be “wished in-place” at the predetermined spudcan 
depth and the maximum installation load was simulated by causing a bearing 
capacity failure at this position. 
2) The maximum installation load is then reduced to the prescribed maintained 
vertical load, that is, to as much as 75%, and subsequently the consolidation is 
allowed for a given waiting period. 
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3) At the end of a given waiting period, the spudcan re-penetrates into the soil until 
causing bearing capacity failure.   
The load-displacement relationships for various waiting periods obtained from the 
finite element simulation of Zhou (2006) are shown in Figure 7.16 from which the 
corresponding ultimate load can be determined. The compressive loading to cause 
bearing capacity failure is initiated from the typical maintained stress of 200 kPa 
during waiting period (see Figure 4.9) and typically reaches an ultimate load after a 2 
m settlement for all tests.    
With the ultimate load, the equivalent undrained shear strength below the spudcan can 
be obtained for each waiting period assuming bearing capacity failure is achieved at 
the ultimate load. For a given ultimate load, equivalent shear strength was back-
calculated from the classic bearing capacity formula with an appropriate estimate of 
effective overburden stress at spudcan base level, using the bearing factor for circular 





DNc   (7.4) 
where D = final spudcan depth and B = spudcan diameter.  
As the factor in Eq. (7.4) was developed for constant shear strength, the effect of 
strength increasing with depth is often taken into account by applying the shear 
strength at some appropriate depth below the footing base. In practice, often the 
average undrained shear strength between the level of widest spudcan base area and 
half a diameter below is used to achieve an accurate prediction of spudcan installation 
load (Houlsby & Martin, 1993; Endley et al., 1981). Though the bearing factor for 
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non-homogeneous shear strength is available (e.g. Houlsby & Martin, 2003), its 
application may introduce more assumptions as the shear strength at spudcan base 
level and the associated rate of increase after a certain waiting period are unknown in 
this case. Without the accurate information, the resulting bearing factor cN  using the 
formula for non-homogeneous shear strength is likely to involve more uncertainties. 
The calculated equivalent shear strength and the corresponding ultimate load for 
various waiting periods are presented in Figure 7.17 and tabulated in Table 7.3. The 
equivalent shear strength is reasonably assumed to be representative of the actual non-
homogeneous shear strength below the spudcan. For the spudcan penetration in the 
undisturbed soil, the resulting equivalent undrained shear strength of about 30 kPa to 
reach the maximum installation load of 32.5 MN at about a depth of 19 m (after a 2-m 
spudcan settlement) is found to be consistent with the measured load-displacement 
response of Test GS5 (see Figure 4.2). Given the typical shear strength profile in 
Figure 7.2a, the undrained shear strength of 30 kPa is found at a depth of about 20~21 
m which is 3~4 m or a quarter spudcan diameter below the initial spudcan depth of 17 
m. This confirms that the estimated equivalent undrained shear strength is essentially 
the average value between that at spudcan base level and half a diameter below. This 
justifies the exercise of using bearing capacity factor for uniform soil (e.g. Skempton, 
1951) in the case of increasing strength with depth by taking average shear strength of 
up to half a spudcan diameter below the spudcan base level. The result of this 
simulation is also justified by the measured vertical load during spudcan re-penetration 
following a 430-day waiting period (see Figure 6.2). The simulated ultimate load of 
48.5 MN is consistent with the corresponding experimental load of about 49~50 MN.       
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Compared to the measured undrained shear strength at 0.25B from the spudcan edge 
and along the centerline after spudcan extraction following a 400-day waiting period as 
presented in Figures 7.2 and 7.3, respectively, the estimated equivalent value of about 
46.1 kPa for the soil below the spudcan seems reasonable by noting that such a 
magnitude of shear strength is expected to lie at a depth of between 21~22 m. It should 
be pointed out the measured value in Figure 7.3 is somewhat disturbed as it was 
obtained after spudcan extraction and hence indicating a slightly smaller magnitude 
compared to the predicted one. 
7.4.3.2 Prediction of suction factor 
Coupled with a given suction factor and overburden stress at spudcan base level, the 
base suction could be predicted by assuming inverted bearing capacity failure as 
reported by several researchers (e.g. Byrne & Finn, 1978; Rapoport & Young, 1985; 
Rattley et al., 2005). For clay in undrained condition, the base suction is given by the 
following expression, 
 fsub DNcq ⋅′−⋅= ∗ γ   (7.5) 
where bq = base suction, 
∗
uc = equivalent undrained shear strength, sN = suction factor, 
γ ′= effective unit weight of soil beside the spudcan and fD  = final spudcan depth.   
It should be noted that the existing suction factor is relevant for uniform clay strength 
whereas the actual problem in the present study is of non-uniform case. However, the 
adoption of “equivalent” uniform strength of the underlying soil may compromise this 
inconsistency. Furthermore, it is assumed that the shallow conical shape of the spudcan 
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base could be approximated as a circular plate in extraction and therefore the wedge-
slipfan-wedge mechanism is assumed to be present below the spudcan.  
In Figure 7.18, the base suction was estimated using Eq. (7.5) where sN  is varied from 
5 to 7 (range recommended by several researchers) to give the lower and upper 
bounds. The effective unit weight γ ′  is taken as 6 kN/m3 while the average spudcan 
depth fD  is determined to be 19 m for all tests except for the immediate extraction 
case where the final spudcan depth was 18 m (see Table 4.1 for spudcan depths). In 
addition, based on the measured base suction and estimated undrained shear strength 
for given waiting periods, the suction factor sN  can be back-calculated by rearranging 










The derivation of the suction factor is tabulated in Table 7.4. The measured base 
suction and the corresponding derived suction factor are incorporated in Figure 7.18. 
In the figure, it is interesting to note that the suction factor, derived from the measured 
base suction, increases from 5.4 for immediate extraction to 6.0 for long term case. 
Compared to the compression bearing capacity factor cN  of 7.6 for a flat circular 
footing with smooth base at D/B = 1.5 as suggested by Houlsby & Martin (2003), the 
above range of measured suction factor is rather low. However, if the depth factor is 
not accounted for, that is, cN  of 5.69 for a smooth circular footing on surface, the 
above range of suction factors can be considered close to bearing capacity factor of 
surface foundation. Despite this discrepancy, a suction factor of 7.0 may reasonably be 
taken as the upper bound for estimating base suction force as demonstrated in Figure 
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7.18. In this respect, Craig & Chua (1990b) also pointed out that extraction can lead to 
a suction factor fairly comparable to that of bearing capacity factor cN  ≈ 7.0 (after 
incorporating shape factor) associated with compressive loading. 
This result appears to be in good agreement with the order of suction factors of 5~7 
which have been reported by several researchers except those suggested by Vesić 
(1971) and Davie & Sutherland (1977), as summarized in Table 6.2. However, caution 
should be exercised when using the recommended suction factors as it was defined 
without correction for overburden stress, that is, ubs cqN /= . This came about because 
overburden stress was either not simulated (for those obtained from 1g tests) or not 
accounted (for those deduced from finite element analysis using weightless soil). 
Without correction due to overburden stress at the spudcan base level, the derived 
suction factor ranges from 1.7 to 3.6.  
The lower value of the derived suction factors compared to the corresponding bearing 
capacity factor may be accounted for the presence of the relatively weak dragged-
down soil causing localization of the extraction-induced shear failure. In the case of 
experimental investigations on uplift anchors carried out in most previous studies, soil 
remolding below an anchor normally does not take place resulting in higher suction 
factors. In addition, the derivation of suction factor of Mehryar et al. (2002) was based 
on the difference of breakout factor between two extreme base conditions, i.e. vented 
and attached cases. This resulting suction factor of 7.5 (the highest among others) is 
hence the most conservative. The fact that the bonding condition observed in the 
present study is intermediate between the two extreme cases may give reason to a 
value lower than 7.5.  
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The trend of increasing suction factor with waiting period may be attributed to the 
associated breakout mechanism below the spudcan. As discussed in Section 7.4.1, the 
breakout failure mechanism below the spudcan changes as the interface soil gains 
shear strength during waiting period, that is, from pure soil flow to well-defined shear 
failure mechanism. The relatively weak interface soil immediately below the spudcan 
with respect to the adjacent soil may be the reason for the absence of a full reverse 
bearing capacity mechanism at breakout.   
The above assessment reveals that base suction could reasonably be predicted provided 
that representative undrained shear strength of the soil below the spudcan is known. It 
is also found that the assumption of reverse bearing capacity failure for estimating base 
suction under undrained condition is valid for relatively long waiting periods and in 
such cases a suction factor of 7.0 is considered fairly conservative.  
7.5 Summary 
An assessment on the spudcan breakout force components has been carried out. 
Through a series of tests and numerical simulation, appropriate estimates of shear 
strength above and beneath the spudcan can be obtained. 
With regards to the soil resistance above the spudcan, the solution of Merifield et al. 
(2001, 2003) for anchor plates in clay could reasonably be used to provide a 
conservative estimate. However, when a reduction factor of 0.7 was applied to the 
undrained shear strength obtained from T-bar tests, the theoretical prediction was 
found to match the measured top soil resistance well. Further research is required to 
investigate this issue particularly on how to determine the representative shear strength 
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above the spudcan considering the heavily remolded state after installation and lateral 
variation in shear strength. 
The common assumption of reverse bearing capacity failure mechanism in uplift 
process, particularly for spudcan extraction, does not appear as a clear-cut 
phenomenon in the present study. There is a strong indication that the state of interface 
soil below the spudcan significantly influences the breakout mechanism of the 
underlying soil upon extraction. However, for relatively long waiting period cases in 
which the dragged-down soil below the spudcan has gained significant strength, the 
extraction does involve shear failure of the soil below the spudcan. With a reasonable 
estimate of equivalent shear strength below the spudcan, an empirical suction factor of 
5~6 was deduced from the measured base suction with overburden stress correction. 
Hence, it can be concluded that given a reasonable estimate of undrained shear 
strength below the spudcan, the adoption of reverse bearing capacity failure 
mechanism offers a fairly conservative estimate of suction at spudcan base.      
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during spudcan operation 
Profiling location 
with relation to 
spudcan 
SS1 U – FR – C 417 days After installation After 400-day waiting period 0.40B from centre 
SS2 U – FR – C 104 days 
After installation 
After 400-day waiting period 
0.25B from edge 
SS3 U – FR – C 208 days After installation 0.50B from edge 
SS4 
U – FR – C 35 days 
U – FR – C 833 days 
After 400-day waiting period 
and subsequent extraction At centre 
Remark:  U   = undisturbed sample 
 FR = fully remolded (4 cycles of T-bar) 
 C   = subsequent reconsolidation for a certain period (4 cycles of T-bar) 
 B   = diameter of spudcan (12.5 m diameter) 
 
 
Table 7. 2  Summary of suction factors reported by various researchers 
Researchers Soil type and       range of tested cu  
Proposed 
Ns = Fs/cu 
Method of analysis 
Vesic (1971) Soft clay (5 kPa) 3 1g lab. test, circular anchors 
Bemben & Kupferman 
(1975) Bentonite (15 kPa) 6 1g lab. test, fluke anchors 
Nhiem (1975) Silty clay (5~6 kPa) 5~7 1g lab. test, several anchor shapes 
Davie & Sutherland 
(1977) 
Bentonite & 
Glycerine (5~18 kPa) 3 
1g lab. test, circular anchors,           
only 2 tests conducted 
Byrne & Finn (1978) Silty clay (50 kPa) 6.4~7.1 
1g lab. test, confining press. 3 atm, 
skirted footings on surface 
Rapoport & Young 
(1985) 
Applicable for fully 
or partially undrained Ns = Nc 
Propose that breakout is essentially 
reverse bearing capacity failure 
Baba et al. (1989) Clay (cu not reported) 5~6 
1g lab. test, circular anchors 
w = 30~40%, LL = 51%, PL 30% 
Craig & Chua (1990b) Cowden clay              (12~40 kPa) 7 
Centrifuge test, spudcan footing, 
D/B=0.3~0.6 
Shin et al. (1994) Kaolinite & Montmorilonite 
4~5 
(D/B=1~2) 
1g lab. test, circular anchors,             
Ns varies with depth 
Mehryar et al. (2002) Soft clay (E/su = 500) 
7.5         
(D/B=1.5) 
Large strain FE for circular plates,  
Ns varies with depth, weightless soil 
Rattley et al. (2005) Soft clay (10~20 kPa) 6~7 Centrifuge test, square anchors,     strength increasing with depth 
Remark:  D   = embedment depth 
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    0 75 7.8 266 29.5 Measured q = 265 kPa (GS5) 
200 75 7.8 375 43.5  
400 75 7.8 395 46.1 Measured q ≈ 400 kPa (AS1) 
800 75 7.8 420 49.2  
Remark  :  qtu  is obtained from the measured typical net total vertical stress on spudcan top  
                   Nc  is determined from Skempton’s formula for D = 18.5 m 
                   q   is estimated from finite element simulation of Zhou (2006) and verified at some tests 
                   ctuu NqDqc /)(












stress       




uc  (kPa) 
Measured 




factor sN  
Remarks 
    0 108 29.5   50 5.4 D = 18.0 m (GS1) 
200 114 43.5 128 5.6 D = 18.4 m (GS4) 
400 114 46.1 150 5.7 D = 19.0 m (GS5) 
800 114 49.2 180 6.0 D = 18.8 m (GS6) 
Remark  :  γ’    is assumed 6 kN/m3  
                   qbu  is average base suction measured at Tests GS1~GS6 
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Su = 6.5+0.76z 
(b) at 0.4B from spudcan axis 
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after 400 days 
Su = 1.76 kPa/m
(c) at 0.25B from spudcan edge
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(d) at 0.5B from spudcan edge
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Undisturbed profile
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Figure 7. 3  Undrained shear strength profiles along spudcan centerline after extraction 
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Su = 1.5 kPa/m
Fully remolded profile
after 4 penetration cycles
Su = 1.0 kPa/m
 
Figure 7. 4  Example of cyclic T-bar test result at undisturbed sample 
 
Test SS4 
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Su = 1.5 kPa/m
Fully remolded profile
after 4 penetration cycles
Su = 1.23 kPa/m
 
Figure 7. 5  Example of cyclic T-bar test result on fully remolded sample after undergoing           
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Elapse time after the first full remolding (days)  
Figure 7. 6  Gain in shear strength after various reconsolidation periods following fully 
remolded state 
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γ' = 6 kN/m3 , Rc = 0.7
c u' = Rc x c u
Soil weight = 8 MN








Average Dt = 13.5 m 
* 
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“Native soil” at target
penetration depth
 
(a) D/B = 1.0             (b) D/B = 1.44 
Figure 7. 9  Total soil movements and corresponding artificial strip deformations beneath final 
spudcan penetration depth during penetration at Test PS02 (vector magnification factor = 1) 
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Figure 7. 10  Artificial strip deformations beneath final penetration depth prior to extraction 
and at breakout point at Test PS02 (vector magnification factor = 1) 
 
 





































Figure 7. 11  Trajectories of soil movements beneath final penetration depth during extraction 
up to breakout point at Test PS02 (vector magnification factor = 1)  
Soil flow Initial 
spudcan level 
At breakout 
Prior to extraction 
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Figure 7. 12  Trajectories of soil movements beneath final penetration depth during extraction 
up to breakout point at Test PS01 (vector magnification factor = 1)  
 
 




































Prior to extraction 
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Figure 7. 15  Finite element mesh used for simulating spudcan bearing failure                       





Prior to extraction 
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Figure 7. 16  Load-displacement response of penetrating spudcan following a certain waiting 
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Figure 7. 17  Predicted ultimate bearing load and corresponding equivalent shear strength from 
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Centrifuge model studies have been carried out to investigate the spudcan extraction 
problem in soft clay. In the present study, the operation of a single spudcan embedded 
1.5 times the spudcan diameter in normally consolidated kaolin clay was simulated. 
The installation and extraction of the spudcan were performed under undrained 
conditions using load and displacement control respectively. To avoid complexity 
associated with the modeling of cyclic loading, the operation period of spudcans was 
simulated by applying a portion of spudcan installation load for a certain waiting 
period prior to extraction. 
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The model spudcan was extensively instrumented with total vertical pressure and pore 
pressure transducers to enable the monitoring of stresses acting on the spudcan 
throughout the simulation. With the model spudcan, a series of centrifuge tests were 
performed to quantify the uplift resistance of the spudcan, with a special attention paid 
to the development of suction pressure at the spudcan base. Two sets of parametric 
studies were carried out to examine the effects of waiting period and magnitude of 
maintained vertical load on the breakout force of spudcan.   
In order to better understand the physical process of spudcan operation, a series of 
half-spudcan tests were carried out to investigate the soil movement patterns around 
the spudcan throughout the installation, waiting period, and extraction stages. The 
digital images captured during the tests were analyzed using particle image 
velocimetry (PIV) coupled with close range photogrammetry technique to accurately 
quantify the soil displacements. The evaluation of soil movement patterns focused on 
the breakout failure mechanism of the spudcan with different waiting periods. 
Based on the fundamental understanding established in the above tests, exploration of 
methods of easing spudcan extraction was attempted in the laboratory. Tested under 
laboratory conditions, one method was proven successful in eliminating the base 
suction. 
8.2 Summary of Findings 
8.2.1 Breakout force and its components 
In general, it was found that the top soil resistance and base suction mainly constitute 
the net uplift resistance of a spudcan. The former consists of the soil weight involved 
during extraction and shear resistance along the shear plane above the spudcan. The 
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base suction is defined as the negative excess pore water pressure with respect to the 
corresponding hydrostatic value at the spudcan base level. The parametric study on 
different spudcan waiting periods showed that the base suction increased significantly 
with waiting period while the top soil resistance only exhibited a slight increase. On 
the other hand, the effect of magnitude of maintained vertical load on the spudcan was 
found to be less significant but revealing that the base suction was influenced by the 
loading history of spudcan prior to extraction.      
8.2.2 Breakout failure mechanism 
From the observed soil movement patterns, it can be established that some similarities 
exist between spudcans extraction and uplift of horizontal anchors in soft clay. At the 
ultimate state, the uplift of spudcan was translated to a formation of rigid soil wedge 
within a nearly vertical soil column with a shear band along the side. A stiffer soil 
above the spudcan associated with a longer waiting period created a larger soil column 
with a well-defined shear plane. This similar characteristic in failure mode to that of 
unbonded-base shallow anchors suggests that the existing anchor solutions, e.g. that of 
Merified et al. (2001, 2003) may be able to reasonably predict the ultimate top soil 
resistance for spudcan extraction.  
In contrary, due to the complexity of stress state and the associated shear strength non-
uniformity surrounding the spudcan, there exists an essential discrepancy of soil 
deformation pattern below the spudcan as compared to the existing anchor solutions 
during uplift. In general, it was observed that the spudcan extraction resembles a 
transition from fully bonded to unbonded case which is largely dependant on suction 
available over the spudcan base.  
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The breakout failure mode was found to be highly influenced by the stress state of soil 
below the spudcan. This soil was brought down from the upper depths and trapped 
below the spudcan during penetration. Subjected to very high strain and heavily 
disturbed, this soil flowed plastically from below to the spudcan top during 
penetration. At the end of installation, this soil was therefore weak as compared to the 
surrounding in-situ soil. As a result, the failure mechanism of immediate spudcan 
extraction was characterized by the progressive development of plastic soil flow from 
the spudcan top toward the spudcan base center without a pronounced slip plane and 
sudden base suction breakdown. Conversely, for long waiting period cases with the 
soil regaining significant shear strength, a well-defined shear plane was observed 
beneath the spudcan at breakout. However, a full reverse bearing capacity failure 
mechanism was not observed.  
The individual components of breakout force could be reasonably predicted provided 
that an accurate estimate of undrained shear strength above and below the spudcan 
prior to extraction was available. Back analysis of test data revealed that the solution of 
anchor uplift capacity in clay, e.g. Merifield et al. (2001, 2003) could reasonably 
provide a conservative estimate. If a reduction factor of 0.7 was applied to the 
undrained shear strength obtained from T-bar tests, the theoretical prediction was 
found to match the measured top soil resistance well. With a reasonable estimate of 
equivalent shear strength below the spudcan, an empirical suction factor of 5~6 was 
deduced from the measured base suction with overburden stress correction. The 
adoption of reverse bearing capacity failure with an appropriate bearing capacity factor 
offers a fairly conservative estimate of ultimate suction at the spudcan base during 
extraction.      
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8.2.3 Method for eliminating base suction 
It was found that in order to compensate the extraction-induced negative excess pore 
pressure, a sustainable and fast supply of pressurized water to the spudcan base is 
required. In the proposed method, an external pressurized-water was transferred to a 
chamber built within the spudcan with the use of porous metal for the pressure outlets. 
This was found to be effective to transfer the pressurized water to the soil with 
minimum potential of channeling in the underlying soil. In excess of the hydrostatic 
pressure at the spudcan base, the applied pressure should be at least the same amount 
as the anticipated suction with a sufficient flow rate. Pore pressure build-up at the 
spudcan interface upon the release of external pressure indicates that there will be 
sufficient pressure to eliminate the anticipated suction in the subsequent extraction 
process. 
8.3 Practical Implications 
The fact that spudcan breakout force can be comparable to or higher than the 
corresponding maximum installation load discloses a potential problem in the field 
considering that the uplift capacity of jackup rigs normally lies between 40% and 85% 
of the preloading (Osborne, pers. comm.). The limited uplift capacity of jackup rigs 
and the ineffectiveness of existing water jetting system urge attempts to improve the 
existing system or invent an alternative spudcan extraction method. 
The importance of base suction during spudcan extraction implies that in order to ease 
spudcan extraction particularly in deep penetration cases, the elimination of base 
suction should be more efficient than the excavation of the top soil. The latter may 
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pose some difficulties in the field execution concerning the environmental conditions 
and unviable in terms of cost. 
To implement the extraction concept proposed in the present study, major 
modifications required for the existing system include the replacement of the pressure 
outlet and the addition of pressure chamber. The pressure outlet should be able to 
distribute pressure in an effective and uniform manner over the spudcan base with 
minimizing potency of soil channeling as opposed to that imposed by the common 
water jetting nozzles. The presence of a single or interconnected chamber/s, preferably 
close to the spudcan base, is aimed to prebuild-up and subsequently transfer the 
pressure with sufficient flow rate to infiltrate the base interface.         
8.4 Recommendation for Further Studies 
The present study is limited to kaolin clay with coefficient of permeability, 
significantly higher that the marine clay in the field. In addition, the effect of spudcan 
penetration depth and cyclic loading during the actual operation period of spudcan 
were not studied. Further development of the present study using numerical model is 
recommended to enable generalization of the results incorporating all critical 
parameters affecting the breakout force. The numerical model should be able to tackle 
large deformation problems such that a continuous process of spudcan penetration and 
extraction can be modeled with minimum assumption as opposed to existing small 
strain finite element models. The outcome of this proposed comprehensive analysis 
could serve as a guideline for jack-up rig operators in assessing the potential of 
spudcan extraction problem.  
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In the light of the importance of producing an effective pressure-transfer to the 
interface soil in order to eliminate spudcan base suction, the corresponding 
performance of existing water jetting can be assessed. A field test can be performed 
using the actual water jetting with an array of pore pressure transducers at the 
surrounding to monitor the resulting pore pressure build-up in the soil. In this way, the 
effectiveness of existing systems can be evaluated.  
Despite being proven successful in laboratory, further research toward implementation 
of the proposed extraction method in the field is necessary. A major aspect is to 
examine the mechanics of pressure transfer to the underlying soil through a porous 
metal outlet. Such an analysis will enable the optimization of outlet arrangement that 
needs to be outfitted over the spudcan base and the external pressure to be applied. The 
complexity of the analysis would perhaps lie on the soil and fluid interactions. 
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CALIBRATION OF PRESSURE SENSORS 
 
 
A.1 Pore Pressure Transducers 
A major aspect in the experiment is the reliability of the pore pressure transducers to 
measure changes in pore water pressure, particularly during spudcan extraction in 
which a rapid change was expected. The Druck© PDCR-81 miniature pore pressure 
transducer which was originally developed for use in centrifuge modeling applications 
is widely known to be reliable for measuring positive pore water pressures. Though the 
spudcan extraction is designed to be initiated at relatively high water pressure in order 
to eliminate the potential of cavitation, there are still some possibilities that the total 
pore pressure at the spudcan base drops below atmospheric pressure.  
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Some researchers found that PDCR-81 transducer is not suited for measurement of 
high suction as the caused large outward deflections of the silicon diaphragm tends to 
compromise the connection integrity between the diaphragm and the supporting glass 
cylinder (Ridley, 1993; Take & Bolton, 2002). However, in this experiment the total 
pore pressure was not expected to fall far below the atmospheric pressure which 
otherwise allowing cavitation to occur. Therefore, apart from the positive range, the 
pore pressure transducers were also ensured to be able to register negative pressure in 
the range of 0 to -100 kPa (-1 atm).  
The calibration was carried out using a Druck© DPI-601 digital pressure indicator by 
which a prescribed level of air pressure can be applied to the transducer. The 
calibration curve was obtained by varying the applied pressure in positive and negative 
ranges. In addition, the transducer was also recalibrated in high-g condition using 
water for a range of positive pressures. The typical calibration chart is presented in 
Figure A.1 in which the relation between the applied pressure and the corresponding 
output reading appears linear in both positive and negative ranges. The calibration 
factor obtained from both calibration methods was also found very similar.  
For the negative pressure range, it was found that the lowest pressure measurable by 
the PDCR-81 transducers used in the present study was typically 90~95 kPa. This 
suggests that the measured of negative pore pressure up to this level is still valid. It is 
shown in Chapter 4 that in fact the lowest pore pressure occurred at the spudcan base 
was about -50 kPa. In Chapter 5, it is also revealed that cavitation occurred below the 
spudcan base when the measurement of negative pressure hit the maximum at -95 kPa. 
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A.2 Total Pressure Transducers 
Unlike pore pressure transducers, the calibration factor of total stress transducer is not 
unique but depends on testing conditions. Lee et al. (2002) pointed out that the 
conditions in which a total stress transducer is calibrated need to be similar with its 
usage conditions, that is, in terms of soil type, degree of saturation, stress level, as well 
as loading and boundary conditions. As such, in the present study calibration of the 
total stress transducers was conducted under same conditions as that of the spudcan 
simulation and taking into account some considerations highlighted in the study of Lee 
et al. (2002).  
The total stress transducers were calibrated under the soil self weight loading in high-g 
conditions. To impose the same loading and boundary conditions as that in the spudcan 
tests, the model container of 550-mm diameter and 500-mm high was used with a 
certain thickness of saturated kaolin clay to replicate a representative loading range 
during the actual spudcan tests. At the bottom of the container, the total stress 
transducer was placed on top of a 30-mm thick porous stone surrounded by a sand 
layer of the same thickness. For the 500 kPa capacity transducer, the de-aired kaolin 
slurry was placed into the container as much as 240-mm high whereas for that of 1 
MPa capacity the container was filled by 420-mm high of kaolin slurry. The latter is 
the maximum volume of slurry can be put in the model container. A little water was 
added on the slurry surface to prevent from drying out during the initial stage of the 
centrifuge spin. In addition to total stress transducers, a pore pressure transducer was 
also installed in the mid-height of the soil to monitor the degree of consolidation. The 
total stress transducers were connected to strainmeter for data capturing and therefore 
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the output would be in terms of microstrain (μs). The test layout is schematically 
shown in Figure A.2. 
After measuring net weight of the kaolin slurry, the setup was spun up. By varying the 
acceleration level, various stress level acting on the active face of the stress transducer 
induced by the total overburden stress above which can be generated. During the actual 
spudcan tests, the degree of consolidation may vary and therefore the transducer was 
calibrated at two extreme conditions, i.e. slurry state and full consolidation state. The 
sequence of loading and unloading for the calibration tests is as follows: 
1) Increase the g-level in stages: 1g to 20g, 40g, 60g, 80g, and 100g, with about 2 
minutes duration at each stage. At this point, the clay is still in slurry state. 
2) Reduce the g-level in the reverse sequence 
3) Spin-up to 100g for about 8 hours to fully consolidated the sample indicated from 
the monitoring of pore pressure level. 
4) Reduce the g-level in stages: 100g, 80g, 60g, 40g, 20g, with about 2 minutes 
duration at each stage. 
5) Increase the g-level in the reverse sequence 
6) Spin down and measure final weight of the clay 
With the above procedure, one cycle of loading and unloading process acting on the 
total stress transducer at slurry and full consolidation states was produced. As shown in 
Figure A.3, the calibration factor in the slurry and full consolidation states for both 
transducers was slightly reduced in consistent manner, i.e. 0.30 to 0.28 kPa/μs for 500 
kPa capacities and 0.54 to 0.52 kPa/μs for 1 MPa capacities. In view of the minor 
difference in the calibration factor associated with the degree of consolidation of the 
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sample, it is hence justified to use the average value for each transducer as the 
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(a) calibration at slurry state
(b) calibration at fully consolidated state  
Figure A. 3 Typical result of total stress transducer calibration in saturated clay 
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VALIDATION OF CAMERA CALIBRATION 
 
 
The camera calibration scheme adopted in the present study, as described in Section 
2.7.2, has been validated and adapted from the calibration procedure of White (2002). 
The calibration procedure involved the photography of a two-dimensional or coplanar 
array of targets from at least two different angles (Heikkila, 1997). The camera 
calibration routine was hence carried out based on the known actual coordinates of the 
targets array in object space and the corresponding coordinates in image space 
extracted from each image using the method for locating circular control points of 
Heikkila (1997). The accuracy of the calibration procedure was assessed by comparing 
the true and the mean predicted object-space coordinates of the targets array. 
As the target object, a calibrated photogrammetric target from Edmund© Industrial 
Optics was used (calibration certificate SN 0000-0294, Max Levy Autograph, Inc.). 
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The 150 mm × 150 mm target consists of three grids of 0.75, 1.5, and 3.0 mm diameter 
reference dots with size accuracy of 0.013 mm. As shown in Figure B.1, the target 
object was positioned immediately behind a 50-mm thick perspex, which was also 
used in the half-spudcan tests. The image of the target was then photographed from 
three different angles from which the coordinates of the 3-mm diameter dots array at 
each image could be located using the method of Heikkila (1997). To derive the 
transformation parameters, a subset of 16 out of 480 dots spread across the image was 
used, as shown by the square boxes in Figure B.1.  
Figure B.2 illustrates an example of the reconstruction of the circular dots which were 
used as the calibration target. The edge of the circular marker (Figure B.2a) was first 
identified by applying a simple detector, in this case Prewitt (1970) operator, to the 
grayscale image. This rough pixel edge (Figure B.2b) was then reconstructed using the 
moment and curvature preserving ellipse detection technique (Heikkila, 1997). In 
Figure B.2c, the sub-pixel edge was refined and the control point had been 
reconstructed to an elliptic feature. The center of this point was then determined using 
the renormalization conic fitting of Kanatani (1994), as shown by the cross marker at 
the center of the sub-pixel edge in Figure B.2c. 
Using the transformation parameters derived from the 16 target markers, the observed 
image coordinates of the 460 dots need to be projected back to two-dimensional 
coordinates in object space. The inverse distortion model of Heikkila (1997) and the 
inverse pinhole camera model were used for executing this task. Figure B.3 shows the 
discrepancy vectors between the true and predicted object-space coordinates of the 
target dots. The apparent systematic spatial variation in discrepancy vector is believed 
to be attributed to the transformation system. The systematic error in the camera 
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parameters deduced from the calibration routine would be translated into the same 
nature of error during the transformation from the image-space to object-space 
coordinates.  
Figure B.4 corresponds to the normalized histogram of spatial discrepancy between the 
actual and predicted object-space coordinates combining the vectors components in 
both x- and y-directions. It is apparent that the mean discrepancy vector is 0.0 μm with 
a standard deviation of 15.6 μm or corresponds to an error of 1/15000th of the field of 
view. It is believed that this accuracy is more governed by the accuracy of the 
photogrammetric target used. As indicated in the certificate, the accuracies of dot size 
and dot-to-dot spacing are 13 μm and 8 μm, respectively. This suggests that accuracy 
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Figure B. 1 Reconstruction of dots using Edmund Scientific© photogrammetric target behind 
50-mm thick perspex plate 
 
             
 (a) captured control marker           (b) detected edge pixels          (c) reconstructed edge pixels  
Figure B. 2 Example of control marker edge reconstruction and determination of its center 
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Figure B. 3 Vector of discrepancy between actual dot positions and those calculated from 
camera calibration  
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Standard deviation 0.0156 mm
deduced from 480 dots
 
Figure B. 4 Normalized histogram of dot positions discrepancy in both x- and y- directions   
 
